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CHAPTER 1: GENERAL INTRODUCTION 
INTRODUCTION 
All eukaryotes including plants produce a multitude of compounds according to their 
genetic composition, their surrounding environment, and their developmental stage. The 
complexity of the eukaryotic genome (Alonso et al., 2003; Mentzen and Wurtele, 2008) enables 
an interconnection between catabolic and anabolic pathways to maintain the organism’s 
homeostasis and to cope with environmental changes. A birds-eye overview of the Arabidopsis 
transcriptome reveals functionally-coherent modules, representing a sometimes surprising 
combination of metabolic and developmental genes (Mentzen et al., 2008; Mentzen and Wurtele, 
2008).                                                                                                                                             
All organisms contain hundreds of structurally and functionally diverse fatty acids that 
are physiologically critical as key components of biomembranes (cellular lipid bilayer) and a 
condensed source of cellular fuel (Buchanan et al., 2000; Bowsher et al., 2008) as well as for 
regulating protein functionality (Heldt, 2005), and as intracellular and extracellular signals 
(Nandi et al., 2003; Wang, 2004; Bowsher et al., 2008; Munnik, 2010). Plants lipids are 
extracted for use as ingredients in manufactured products such as soaps, candles, perfumes, 
cosmetics, paints, insulators, hydraulic fluid and lubricant, cooling agent, and pet foods 
(Buchanan et al., 2000; Erhan and Adhvaryu, 2005; Bowsher et al., 2008). Furthermore, this 
highly-reduced, energy-rich class of molecules provides energy for humans – total world 
consumption of vegetable oils in 2008 was over 127.98 million tons and 144.54 million tons in 
2011 (USDA, 2011) – and the potential to provide biorenewable chemicals and bioenergy 
(Nikolau et al., 2008). This is probably one of the greatest promises of the chemical industry. 
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Hence, a systematic understanding of fatty acid metabolism and its regulation is essential to 
direct carbon flow.  
Based on previous research, many pathways are implicated in the biosynthesis of fatty 
acid in plants and have been relatively well characterized; however, not all the genes in the 
regulation process have been identified (Rawsthorne, 2002; Dörmann, 2005; Mentzen and 
Wurtele, 2008). Horan et al. (2008) and Quanbeck et al. (2012) indicated that more than one 
third of Arabidopsis genes code for "proteins of unknown functions", PUFs. To tease out the role 
of these genes, researchers take advantage of computational methods to create putative 
functional groups of genes (Girke et al., 2000; Berardini et al., 2004; Mentzen and Wurtele, 
2008) and lay the groundwork for empirical verification of the predictions or test of hypotheses. 
Moreover, functional genomics tools such as metabolomics (Bino et al., 2004; Last et al., 2007; 
Nikolau and Wurtele, 2007; Moon and Nikolau, 2009; Quanbeck et al., 2012) and 
transcriptomics (Wang et al., 2009) contribute not only to better manufactured wares, but also to 
further the understanding of sophisticated metabolic systems (Hall et al., 2002; Shulaev et al., 
2008; Dowhan, 2009).  
Leveraging the above methodologies, we have identified novel genes, FAP (Fatty Acid 
binding Protein) genes, which distort fatty acid composition and content in Arabidopsis. 
 
Plant fatty acids 
In plants, fatty acids are biosynthesized in specialized cellular organelles, plastids 
(Buchanan et al., 2000; Heldt, 2005; Wada and Murata, 2009). This indispensable process begins 
with the reaction of “carboxylation” of acetyl-CoA to malonyl-CoA catalyzed by the enzyme 
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acetyl-CoA carboxylase (ACCase) (Zeiher and Randall, 1991; Choi et al., 1995; Ke et al., 1997; 
Nikolau et al., 2003; Fatland et al., 2005; White et al., 2005). Malonyl-ACP formed after the 
attachment of acyl carrier protein (ACP) to malonyl-CoA combines with acetyl-CoA to produce 
β-ketoacyl-ACP in an irreversible reaction driven by β-ketoacyl-ACP synthase III (Buchanan et 
al., 2000; Heldt, 2005). The following reduction, dehydration, and another reduction produce a 
fatty acid elongated by 2 more carbon (C) atoms (Buchanan et al., 2000), which is used in the 
next round of extension. The process is repeated by adding 2 C in each fatty acid newly 
biosynthesized (Buchanan et al., 2000). Then, the enzyme β-ketoacyl-ACP synthase I and II 
catalyze the condensation reactions producing C16:0 and C18:0 fatty acids (Thelen and 
Ohlrogge, 2002; Heldt, 2005). The latter is desaturated by stearoyl-ACP desaturase (Buchanan et 
al., 2000; Thelen and Ohlrogge, 2002). Finally, the outcomes of fatty acid synthesis are C16:0, 
C18:0 and C18:1 acyl carbons (Buchanan et al., 2000; Heldt, 2005). They are conjoined with 
plastidic lipids by an acyltransferase, or transformed to thioesters by an acyl-ACP thiosterase, 
transported to the membrane of the endoplasmic reticulum, and inserted into phospholipid 
molecules (Miquel and Browse, 1992; Dörmann, 2005; White et al., 2005).  
Harwood (1980) and Buchanan et al. (2000) distinguished 3 categories of fatty acid 
species. The “major fatty acids” including the saturated lauric (C12:0), palmitic (C16:0), stearic 
(C18:0) acids, and the unsaturated oleic (C18:1), linoleic (C18:2); an linolenic (C18:3) acids are 
the most abundant and ubiquitous in plant tissues (Harwood, 1980; Buchanan et al., 2000; 
Bowsher et al., 2008). The “minor fatty acids” exist in small quantities in plant tissues and 
comprise the saturated hexanoic (C6:0), octanoic (C8:0), arachidic (C20:0), behemic (C22:0), 
lignoceric (C24:0) acids, and the unsaturated palmitoleic (C16:1) and arachidonic (C20:4) acids 
(Harwood, 1980; Bowsher et al., 2008). The “unusual fatty acids” only occur in storage lipids 
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(seed oils) in some plant species, and include ethylenic, acetylenic, hydroxy, keto, epoxy, 
dicarboxylic, ω-fluoro acids, and branched-chain fatty acids (Harwood, 1980; Heldt, 2005; 
Hilderbrand et al., 2005).  
In Arabidopsis seeds harvested from plant grown at normal conditions, the quantitatively 
highest fatty acid is C18:2 (Dörmann, 2005; Devaiah et al., 2007; Li et al., 2010). Other fatty 
acid species such as C20:1 and C18:3 have high concentrations, and C16:0, C18:0, C18:1, 
C20:0, C20:2, and C22:1 are always detected in seeds. In the leaves, C18:3 constitutes the 
predominant fatty acid species, whereas C16:0, C16:1, C16:3, C18:1, C18:2 and C18:3 
moderately occur (Devaiah et al., 2007; Yang and Ohlrogge, 2009; Li et al., 2010).  
 
Plant lipids 
Membrane lipids are amphipathic. Plant lipids are nearly always synthesized by 
esterification of glycerol and fatty acyls moieties, and include glycoglycerolipids, 
glycerophospholipids, and acyl glycerols (Harwood, 1980; Buchanan et al., 2000; Heldt, 2005; 
Bowsher et al., 2008; Fahy et al., 2009). However, non-glycerolipids such as sphingolipids and 
sterols occur naturally in plant tissues, especially in extraplastidic membranes (Dörmann, 2005; 
Suzuki et al., 2007).   
Glycoglycerolipids   
Glycoglycerolipids are important structural constituents of plastid membranes, 
synthesized through the plastidic prokaryotic pathway from phosphatidic acid (Buchanan et al., 
2000; Heldt, 2005; Bowsher et al., 2008). Galactolipids contain two fatty acids linked to glycerol 
and one or more galactose moieties (Buchanan et al., 2000; Heldt, 2005). In Arabidopsis, 
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chloroplast membranes house high amount of galactolipids, monogalactosyldiacylglycerol 
(MGDG) and digalactosyldiacylglycerol (DGDG), which enclose great content of C18:3 and 
C16:3 fatty acyls (Dörmann, 2005; Bowsher et al., 2008). Moreover, studies have reported the 
presence of minor amounts of try- and tetragalactosyldiacylglycerol in plastids (Klaus et al., 
2002; Xu et al., 2005; Xu et al., 2010; Wang and Benning, 2011), as well as the sulfolipid 
sulfoquinovosyldiacylglycerol (Dörmann, 2005; Bowsher et al., 2008). 
Glycerophospholipids  
Also referred to as phospholipids, glycerophospholipids are important structural 
components of biomembranes, constituted via the plastidial prokaryotic pathway and the 
endoplasmic reticulum eukaryotic pathway (Buchanan et al., 2000; Heldt, 2005; Bowsher et al., 
2008) from phosphatidic acid (PA). They are made of two fatty acyls attached to glycerol, and a 
phosphate group united to one of the polar headgroups, choline, ethanolamine, glycerol, inositol, 
or serine. The commonest phospholipid in plant tissues is phosphatidylcholine (PC), which is 
mostly composed of C18:2, C16:0, C18:0 and C18:3 (Xu et al., 2005). Phosphatidyglycerol (PG) 
is found in chloroplasts, and in lesser extends in the endoplasmic reticulum, mitochondria, and 
plasma membranes (Buchanan et al., 2000; Dörmann, 2005). Phosphatidylethanolamine (PE) is 
abundant in plant tissues, and usually harbors fatty acid species similar to those of PC. Both PC 
and PE are mostly anchored in membranes of the endoplasmic reticulum, mitochondrion, 
tonoplast, and Golgi, and also in plasma membrane (Bowsher et al., 2008). Moreover, a small 
amount of PC accumulates in the external envelope of chloroplast (Buchanan et al., 2000; 
Dörmann, 2005). Phosphadylinositol (PI) is present in low quantities in the endoplasmic 
reticulum and plasma membranes in many plant tissues, and contains high amounts of C16:0 and 
the usual C18:0, C8:2, and C18:3. Beyond its classic role as membrane lipid, PI and especially PI 
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derivatives are important in plant signaling and defense (Bowsher et al., 2008; Ischebeck et al., 
2010; Lee et al., 2010; Szumlanski and Nelson, 2010). Very small amounts of 
phosphatidylserine (PS) are present in plant tissues (~ 1% of phospholipids), with similar 
locations as PE (Bowsher et al., 2008). Nerlich et al. (2007) demonstrated that PS is a substrate 
for an alternative synthesis of PE in Arabidopsis. The trace glycerophospholipids include the 
lysophospholipids lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), 
lysophosphatidylglycerol (LPG). Dörmann (2005) indicated that lysophospholipids are 
synthesized by removal of acyl groups from phospholipids by lipases. These minor compounds 
are relevant in cellular signaling and in the synthesis of other lipids (Mongrand et al., 2000). 
Polar lipid head groups are not distributed homogenously throughout plant tissues 
(Buchanan et al., 2000; Bowsher et al., 2008). In Arabidopsis leaves, the major lipids are 
MGDG, PC, DGDG, PE, PG, and PI and the minor lipids are PS, PA, LPG, LPC, and LPE 
(Devaiah et al., 2006; Xiao et al., 2010). Arabidopsis dry mature seeds contain high amounts of 
PC, PE, and PI, while PG, DGDG, MGDG, PA and PS are present in low quantities, and LPG, 
LPC, and LPE concentrations are very low (Devaiah et al., 2006; Li et al., 2006). In the stalk, 
flower, and green siliques, the lipid composition is almost similar to that of leaves, whereas 
Arabidopsis roots contain a lipid profile simulating that of seeds (Devaiah et al., 2006).   
Acyl glycerols  
Monoacylglycerols (MAG) and diacylglycerols (DAG) mostly contribute to the synthesis 
of other lipids (Bowsher et al., 2008). Tryacylglycerols or triglycerides (TAG) synthesized in the 
endoplasmic reticulum, are predominantly present in seeds where they are the principal 
constituents and storage molecules (Harwood, 1980; Buchanan et al., 2000; Heldt, 2005). 
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Oxylipins 
 Oxylipins result from lipid oxidation and are constructed from fatty acid substrates 
(Rosahl and Feussner, 2005; Buseman et al., 2006; Bowsher et al., 2008). These compounds 
impact plant growth and development, as well as plant adaptation to environmental changes and 
stresses (Yang et al., 2007; Bowsher et al., 2008; Mosblech et al., 2010). The functions of 
oxylipins were confirmed by studies carried out on the jasmonate group, particularly jasmonic 
acid in wound signaling, and defense against insects and pathogens (Devoto and Turner, 2003; 
Rosahl and Feussner, 2005; Buseman et al., 2006; Kazan and Manners, 2008; Youssef et al., 
2010). 
 
Fatty acid binding protein (FAP) genes of Arabidopsis 
We have identified and analyzed three Arabidopsis genes of previously unknown 
function, chalcone isomerase related, and now fatty acid binding proteins (FAP). The true 
chalcone isomerase catalyzes the isomerization reaction cyclizing chalcones into flavanones (Jez 
et al., 2000; Gensheimer and Mushegian, 2004). Mentzen and Wurtele (2008) clustered the FAP 
genes in the fatty acid biosynthesis regulon. Following is what was known about FAP genes 
prior to our study (Tair, 2007). 
 FAP1 (At3g63170) 
- 1966 base pairs (bp), 840 bp coding sequence, and 279 amino acids in the protein.   
- Similar to putative chalcone isomerase, containing chalcone isomerase domain. 
- Predicted to b localized into plastid stroma and mitochondria. 
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FAP2 (At2g26310) 
- 2411 bps, 1197 bp coding sequence, and 398 amino acids in the protein.   
- Similar to an unknown protein, containing the chalcone isomerase domain. 
- Unknown subcellular localization. 
FAP3 (At1g53520) 
- 1541 bps, 864 bp coding sequence, and 287 amino acids in the protein.   
- Similar to TT5 chalcone isomerase, containing the chalcone isomerase domain 
and a domain with no description. 
- Predicted to be localized into chloroplast.  
In this dissertation, I have characterized the FAP genes, which are mostly expressed in 
young developing tissues. The FAP proteins localize into plastid stroma. Fatty acid and lipid 
profiles, as well transcriptomes are altered in fap mutants.     
DISSERTATION ORGANIZATION 
 This dissertation consists of 4 chapters. Chapter 1 is the general introduction. Chapter 2 is 
a paper, a new discovery, published in Nature as a letter (Ngaki et al., 2012). Chapter 3 is a 
manuscript to be submitted to Plant Journal. Chapter 4 comprises the general conclusions. 
 The second chapter is the first characterization of FAP genes in Arabidopsis, uncovering 
their involvement in the metabolism of fatty acids. This paper was published in collaboration 
with Dr. Joseph P. Noel group from the Salk Institute in California. Dr. Gordon Louie (Noel 
group), Dr. Ryan Philippe (Noel group), and I equally contributed to this nature paper. While I 
conducted all the in planta experiments to characterize the FAP genes, Dr. Louie and Dr. 
Philippe carried out the purification and crystallization experiments for FAP proteins. I am 
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responsible for Figure 3 of the letter, the accompanying supplementary Figures 4, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, and tables 2, 3, 4, 5, 6, 7, and 9, and the corresponding 
legends and comments. 
 The third chapter describes the profile of fatty acids and lipids in seedlings and seeds of 
fap mutants as compare to wild-type. Moreover, this chapter investigates the transcript level of 
all Arabidopsis genes in the fap mutants in comparison to the wild-type control. Our results 
reveal important alterations of lipid and fatty acid composition and content in fap mutants, 
associated with changes in the expression of many Arabidopsis genes. These data are going to be 
published in The plant Journal. I am the first author and responsible for all the experiments, 
including the fatty acid and lipid extraction/analysis and the RNA sequencing, and for all the 
figures and tables. Almeida-De-Macedo Marcia is responsible for the statistical analysis of RNA 
sequencing data. Zhao Xuefeng performed the assembly of RNA sequencing data and created the 
expression matrix. Manhoi Hur conducted the statistical analysis of fatty acid and lipid data.  
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ABSRACT 
Using a broad range of techniques including phylogenetic analysis, crystallography, 
biochemistry and genetics, we have identified three Arabidopsis genes of previously unknown 
function, and now Fatty Acid binding Proteins (FAP) genes, members of the CHI fold, that seem 
to regulate fatty acid biosynthesis in Arabidopsis. 
INTRODUCTION 
Specialized metabolic enzymes biosynthesize chemicals of ecological importance, often 
sharing a pedigree with primary metabolic enzymes
1
. However, the lineage of the enzyme 
chalcone isomerase (CHI) remained a quandary. In vascular plants, CHI-catalyzed conversion of 
chalcones to chiral (S)-flavanones is a committed step in the production of plant flavonoids, 
compounds that contribute to attraction, defense
2
, and development
3
. CHI operates near the 
diffusion limit with stereospecific control
4,5
. While associated primarily with plants, the CHI-fold 
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occurs in several other eukaryotic lineages and in some bacteria. Here we report crystal 
structures, ligand-binding properties, and in vivo functional characterization of a non-catalytic 
CHI-fold family from plants. Arabidopsis thaliana contains five actively transcribed CHI-fold 
genes, three of which additionally encode amino-terminal chloroplast-transit sequences. These 
three CHI-fold proteins localize to plastids, the site of de novo fatty acid biosynthesis in plant 
cells. Furthermore, their expression profiles correlate with those of core FA biosynthetic 
enzymes, with maximal expression occurring in seeds and coinciding with increased FA storage 
in the developing embryo. In vitro, these proteins are Fatty Acid-binding Proteins (FAP). FAP 
knockout A. thaliana plants show elevated alpha-linolenic acid levels and marked reproductive 
defects, including aberrant seed formation. Notably, the FAP discovery defines the adaptive 
evolution of a stereospecific and catalytically ‘perfected’ enzyme6 from a non-enzymatic 
ancestor over a defined period of plant evolution.  
 
RESULTS 
 
CHI (EC 5.5.1.6) catalyzes the intramolecular and stereospecific cyclization of chalcones to 
chiral flavanones via a Michael addition reaction
7
. The origin of CHI has been a mystery, due to 
the apparent absence of a related protein from primary metabolism
8
. CHI-like homologues in 
fungi and bacteria
9
 lack both key catalytic residues and the chalcone-binding site of bona fide 
CHI (Fig. 1a-c, Supplementary Fig. 1). Phylogenetic analysis shows that CHI is restricted to 
vascular plants, and is derived from FAP3. FAP3 forms one of two branches of FAP proteins 
(FAP1 together with FAP2 form the other) found in derived and basal plants and is probably 
homologous to CHI-fold proteins from protists and fungi (Supplementary Figs. 2 and 3 and  
Supplementary Files 1 and 2). A. thaliana has five genes (and one pseudogene not shown) 
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encoding CHI-fold proteins: two CHI/CHI-like (CHIL) members, AtCHI (At3g55120) and 
AtCHIL (At5g05270), and three FAP members, AtFAP1, AtFAP2 and AtFAP3 (At3g63170, 
At2g26310, and At1g53520, respectively). Pairwise sequence identity of the shared CHI-fold 
domain ranges from 10% to 63%. AtCHI is a bona fide enzyme, and mutations of its gene result 
in plants devoid of flavonoids 
10
. The active site of AtCHI retains residues important for catalytic 
activity, and AtCHI catalyzes the in vitro formation of (2S)-naringenin (Fig. 1c). In contrast, 
AtCHIL has substitutions of several catalytic residues (Supplementary Fig. 3).  Likewise, 
AtFAP1, AtFAP2 and AtFAP3 encode substitutions at nearly all of the critical catalytic positions 
of AtCHI, and are devoid of catalytic activity (Supplementary Fig. 3). Studies with GFP fused to 
full-length FAP1, FAP2 and FAP3 indicate that these proteins localize in the plastid stroma 
(Supplementary Fig. 4a-d).  
 
We determined X-ray crystal structures of AtCHI, AtCHIL, and the CHI-like domains of 
AtFAP1 and AtFAP3, and compared these to the previously reported structure of MsCHI
8
. 
Despite low sequence conservation, all structures align within 2.3 Å root-mean-squared 
deviation for the backbone atoms of equivalent residues (Supplementary Fig. 5). Ligand-binding 
pockets reside within the helical layer, bounded by two α-helical segments (helix-turn-helix α6-
α7 and helical hairpin α4-α5), β-hairpin β3a-β3b, and the face of the core β-sheet, β3a-β3f. 
Notably, the largest differences in backbone conformations of MsCHI, AtCHI and AtCHIL 
compared to AtFAP1 and AtFAP3 are confined to the secondary structure elements surrounding 
the ligand-binding pockets (Supplementary Fig. 5). 
The most intriguing finding from the crystallographic structures is that the ligand-binding 
pockets of the recombinant FAP proteins are occupied by FAs (Fig. 2a-d). Clearly evident in 
electron-density maps are two abutting molecules of lauric acid (C12:0) in AtFAP1 (Fig. 2a,b), 
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and one molecule of palmitic acid (C16:0) in AtFAP3 (Fig. 2c,d). The ligand-binding site of the 
FAP proteins encompasses a largely buried, non-polar cavity that sequesters the aliphatic 
chain(s) of the FAs, and a conserved Arg-Tyr pair that tethers a FA carboxylate group (Fig. 2b,d, 
and Supplementary Fig. 6). By comparison, CHI and CHIL possess more sterically restricted 
pockets owing to the presence of larger aliphatic residues and an inward shift of the secondary 
structure elements surrounding their ligand-binding clefts (Figs. 1 and 2 and Supplementary Fig. 
5). The CHI substrate-binding pocket also includes several polar residues that form key 
hydrogen-bond interactions with the chalcone substrate (Fig. 1c). The corresponding residues in 
the FAPs are non-polar. AtCHIL possesses a distinct conservation pattern of the active site 
pocket (Supplementary Fig. 3). Extraction of ligands with ethanol followed by high performance 
liquid chromatography–mass spectrometry (HPLC-MS) analyses confirms that all three FAP 
proteins (including AtFAP2, which was recalcitrant to crystallization) associate with saturated 
FAs (Fig. 2e).  In contrast, with AtCHI and AtCHIL produced under similar conditions, no 
associated FAs were detected analytically or crystallographically. Exogenous FAs were not 
supplied during FAP expression in E. coli, purification, or crystallization, so the ligands bound to 
the FAPs were likely acquired during expression and retained during purification to 
homogeneity. Indeed, these saturated FAs are among the most abundant FAs in E. coli
11
. 
There are indications that the true ligands of the FAPs in planta may be different FAs. In 
AtFAP1, the presence of two distinct non-polar tunnels, each occupied by the aliphatic chain of a 
C12:0 molecule (Fig. 2b and Supplementary Fig. 6a), may indicate a proclivity for longer chain 
FA recognition. In AtFAP3, the horseshoe-shaped conformation of C16:0 portends a preference 
for binding a cis-unsaturated C16 or C18 FA, which typically assumes a bent conformation (Fig. 
2d and Supplementary Fig. 6b). Notably, AtFAP1 sequesters exogenously-supplied α-linolenic 
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acid (C18:3), which presumably displaces the bound FAs acquired during expression in E. coli 
(Fig. 2e). We further assessed the binding by the FAPs of a series of common FAs using thermal-
stability assays
12 
(Supplementary Table 1). AtFAP3 interacts with most FAs tested and has 
maximal relative affinity for C16:0, though C18:0 induces greater thermal stabilization 
(Supplementary Fig. 7). AtFAP1 preferentially interacts with saturated FAs. However, the 
strongest stabilizing effect was observed with C18:3 (Supplementary Fig. 8), consistent with the 
displacement analyses (Fig. 2e) and perhaps a function of AtFAP1 in C18:3 metabolism as 
indicated also by phenotypic analysis. The thermal stability of AtCHI, included in these analyses 
as a negative control, was mostly unaffected by the addition of FAs (Supplementary Fig. 9).  
 
We have obtained through a variety of approaches considerable direct and indirect evidence 
supporting the involvement of AtFAPs in FA metabolism. Network analysis of transcriptomic 
data
13,14
 demonstrates maximal expression of AtFAP1 and AtFAP3 in seeds at six days after 
flowering (Supplementary Fig. 10a), coinciding with the accumulation of storage lipids in the 
developing embryo
15
. AtFAP1 and AtFAP3 co-express with genes encoding FA biosynthetic 
enzymes (Supplementary Fig. 10b). Developmental patterns of AtFAP1, AtFAP2, and AtFAP3 
expression were characterized in A. thaliana lines expressing a beta-glucuronidase (GUS) 
reporter under control of the respective promoters (Supplementary Figs. 11, 12, 13). The FAPs 
are highly expressed in developing cotyledons, young seedlings, roots, seeds, embryos, 
macrospores, preanthesis and tapetum. However, while AtFAP2 is expressed throughout the life 
of the plant, expression of AtFAP1 and especially AtFAP3 is restricted to developing and 
reproductive tissues. 
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Homozygous Atfap1 and Atfap2 null plants were propagated from T-DNA insertion lines 
(Supplementary Figs. 14, 15). These Atfap1 and Atfap2 null plants are indistinguishable from 
wild-type (WT) plants during vegetative growth (Supplementary Figs. 17, 18), but the Atfap1 
mutants show marked differences during reproductive stages. Specifically, Atfap1 siliques are 
shorter than those of wild type (~18 mm vs. ~20 mm) (Fig. 3a), mutant siliques contain 10-20% 
abnormal ovules (Fig. 3b), and the number of seeds per silique and the yield of viable seeds per 
plant are reduced in the Atfap1 null lines (Fig. 3c). The AtFAP3-RNAi homozygote lines also 
present these phenotypic alterations. In addition, the vegetative phenotype of AtFAP3-RNAi is 
altered, demonstrating early bolting, fast growth, increased branching, reduced apical dominance 
and reduced overall plant height (Supplementary Fig. 19). No AtFAP3-RNAi line with more than 
a ~50% reduction in AtFAP3 RNA (relative to WT) could be identified, nor are any T-DNA 
tagged Atfap3 knockout lines available. These data thus indicate that a functional AtFAP3 is 
required for normal plant and embryo development. Double mutants bearing pairwise 
combinations of homozygous Atfap1, Atfap2, and AtFAP3-RNAi all show additive 
developmental effects (Supplementary Fig. 18). 
Reciprocal crosses between WT and Atfap1 or AtFAP3-RNAi lines point to the maternal 
inheritance of the aberrant reproductive phenotypes, as an elevated rate of ovule abortion is 
observed only in crosses in which the maternal parent is a null mutant (Supplementary Figs. 20-
21, Supplementary Tables 2-7). The morphological phenotypes of >100 lines of heterozygotic 
AtFAP3-RNAi were analyzed; these consistently showed a restoration of the WT vegetative 
phenotype (Supplementary Fig. 22). However, the aberrant reproductive phenotype of the 
AtFAP3-RNAi mutant was maintained, indicating that phenotypic effects observed in the 
AtFAP3-RNAi lines are due to the specific knockdown of this gene. Analysis of FA composition 
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reveals that Atfap1 null lines have elevated total fatty-acid levels in both leaves and seeds 
relative to WT (Fig. 3d, e, g). These phenotypic alterations in leaves are temperature dependent 
(apparent only in plants grown at 15ºC and 22ºC) and due primarily to an increased level of the 
lower-melting-temperature unsaturated FA, C18:3. The FA content and distribution in leaves are 
indistinguishable between WT and mutant plants grown at 26ºC (Fig. 3f). Similarly, AtFAP3-
RNAi plants and Atfap double mutants have altered FA composition and increased FA content in 
leaves and seeds (Supplementary Fig. 23). This temperature-dependent phenotype reflects a 
decrease in the more fluid acyl chain component of trienoic FAs that accompanies increasing 
temperature
16,17
.  
We identified three relatives of CHI in Arabidopsis which appear to be FA-binding proteins 
of undetermined function. Phylogeny and sequence analyses indicate that the CHI fold occurs in 
most eukaryotic lineages (with the notable exception of animals) and even in bacteria. CHIL, as 
a divergent relative of FAP3, initially arose in mosses and may have served as the ancestor of 
enzymatic CHI in vascular plants (Supplementary Figs. 2 and 3). This ancestry for plant CHI 
clarifies the mystery surrounding the identity of the progenitor protein, and serves as a model to 
understand adaptation of a ligand-binding protein to a highly efficient and stereospecific enzyme. 
An evolutionary connection between fatty acid and flavonoid metabolism
18
 is also evident from 
the structural and mechanistic similarities between chalcone synthase (a type-III polyketide 
synthase (PKS)) acting one step upstream of CHI in the flavonoid pathway and ketoacyl-
synthase III (KAS III) involved in chloroplast and bacterial fatty-acid biosynthesis. Together, 
CHI and CHS provide the foundation to examine the evolution of more recent metabolic 
pathways and metabolite classes from widespread biosynthetic pathways of primary metabolism. 
 
24 
 
METHODS SUMMARY 
Structural biology. Crystal structures of the CHI domains of AtCHI, AtCHIL, AtFAP1, and 
AtFAP3 were determined as described in Supplementary Materials and Methods and 
summarized in Supplementary Table 8. 
In vitro biochemistry. CHI activity was assayed
5,7
. Ligands bound to the purified AtFAP 
proteins were extracted with ethanol and analyzed by reversed-phase HPLC-MS. The effects of 
fatty acids (FAs) on the melting temperature of the AtFAP proteins were measured using a 
Thermofluor-based assay
12
. 
Phylogenetic and sequence analyses. Homologs of AtCHI were identified by iterative psi-blast 
and profile Hidden Markov Model (HMM). Alignments were curated using protein structure 
superpositions and homologous groups determined manually. 
Informatics. Co-expression patterns of A. thaliana genes encoding FAP proteins and genes 
associated with FA biosynthesis were evaluated with data compiled from 72 microarray 
experiments using MetOmGraph (www.metnetdb.org)
13
.  
Plant growth and mutant analyses. Plants were grown in random block designs at 22ºC under 
16 hr light/8 hr dark. FAs were measured 5 hr after onset of light. Temperature effects were 
observed after 10-d growth at the specified temperatures. Homozygous Atfap1-1, Atfap1-3, 
Atfap2-1 and Atfap2-2 mutant alleles (Supplementary Fig 14 and Supplementary Table 3) were 
generated from SALK_130560, SALK_039829 , SAIL_171_C12 and SAIL_616_D09 
(Arabidopsis Biological Resource Center, ABRC) stocks, respectively. Atfap3 RNAi lines 
(Supplementary Fig. 16 and Supplementary Table 9) were generated from A. thaliana Col-0 
plants, transformed with Agrobacterium tumefasciens strain GV3101 containing vector 
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CATMA1a44560 (Nottingham Arabidopsis Stock Center, NASC)
 19
. AtFAP RNA was quantified 
by RT-PCR (Supplementary Figs. 15 and 16). Transgenic A. thaliana lines were generated with 
AtFAP1, 2, 3 promoters or promoter + cTP /or + CDS fused to GUS and green fluorescent 
protein (GFP).  
FA quantification in plants. FAs were extracted from plant tissues using barium hydroxide 
hydrolysis
20
, modified by methylation and analyzed by gas chromatography–mass spectrometry 
(GC-MS).  Nonadecanoic acid was used as internal standard and a reference FA mixture was 
used for calibration and retention time determination (www.plantmetabolomics.org).  
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Figure 1. 
                                          
30 
 
Figure 1 | CHI fold, catalytic reaction and phylogeny (previous page). a, Ribbon diagram
21
 
of the AtCHI x-ray crystal structure, color-coded and labeled according to Jez et al.
8
. Two nitrate 
anions associate with catalytic residues in the substrate-binding site. b, Ribbon diagram
21
 of the 
MsCHI structure bound to (2S)-naringenin
8
. c, Chalcone is converted to (2S)-flavanone (e.g. 
naringenin) using a combination of electrostatic catalysis and water-mediated charge 
stabilization during a stereospecific Michael-type addition reaction
5,7-8
. Residue numbers for 
AtCHI appear in parentheses. Catalytic residues are colored red. 
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Figure 2 | Three-dimensional structure and ligand binding of FAPs. a, Ribbon diagram
21
 of 
AtFAP1 oriented and color-coded as in Fig. 1. The bound C12:0 molecules are shown as van der 
Waals spheres where carbon is yellow and oxygen is red. b, Close-up view of the AtFAP1 FA 
binding sites
21
 
SIGMAA-weighted 2Fo-Fc map
23
. c, Ribbon diagram
21
 of AtFAP3 rendered as in a. d, Close-up 
view of the AtFAP3 FA binding site
21
 with the C16:0 ligand shown as in b. e, Analysis of 
ligands associated with purified AtCHI-fold proteins separated and detected by reversed-phase 
HPLC-MS. The y-axes represent negative-ion counts for selected masses of anionic forms of 
FAs. The bottom panel depicts binding of C18:3 by His8-tagged AtFAP1 coupled to Ni-affinity 
resin (red) and by the control (blue). 
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Figure 3. 
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Figure 3 | Phenotypic characterization of Atfap1 null plants (previous page) . a, Length of 
siliques 12 days after flowering; WT siliques are longer than siliques of Atfap1 nulls (average 
length = 17.8 mm for WT vs. 15.4 mm for Atfap1-1; 19.8 mm for WT vs. 17.1 mm for Atfap1-3 
(not shown); P < 0.01, n=10 siliques/plant for 10 plants/genotype). b, Atfap1 null siliques 
frequently contain abnormal ovules (normal, yellow arrow; aborted, blue arrow; unfertilized, 
pink arrow). c, Atfap1 nulls have a greater percentage of abnormal (aborted and unfertilized) 
ovules than WT (P < 0.01 and n=10 siliques/genotype) and low seed yield mass per plant (Atfap1 
average = 1.3 g; WT average = 1.5 g; P < 0.01, n=10 plants). Fatty-acid content of leaves, 
milligrams per gram fresh weight, from plants grown at d, 15 ºC; e, 22 ºC; f, 26 ºC. d, C18:3 and 
total fatty acids are greater in leaves of Atfap1 nulls than WT. e, C18:3 and total fatty acids are 
greater in leaves of Atfap1 nulls than WT. f, Atfap1 nulls and WT have similar fatty-acid 
content. g, In seeds of Atfap1 mutants, C16:0, C18:0, C18:1, C18:2, C18:3, C20:0, C20:1, C20:2, 
C22:1 and total fatty acids (not shown) increase relative to WT. Asterisks indicate statistically 
significant differences from wild type for both Atfap1 null lines (P < 0.05); n = 5 biological 
replicates, except for g, which has three experimental replicates with n = 4 biological replicates; 
error bars, s.d.   
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SUPPLEMENTAL MATERIALS  
 
METHODS 
 
Phylogenetic and sequence analyses. Homologues of AtCHI were gathered by PSI-BLAST 
from the National Center for Biotechnology Information NR database, followed by iterative 
profile hidden Markov model building and searches against public protein, expressed sequence 
tag and genome sequence databases. Gene models were built with Genewise
23
 and refined 
manually. Protein sequences in each class were aligned with MUSCLE
24
 and manually edited, 
and classes were aligned by ClustalW
25
 and further edited based on the structural superposition 
of the available structures. An alignment of all available protist and plant proteins and selected 
fungal and bacterial proteins is attached (Supplementary File 1). A consensus phylogenetic tree 
was built from 30,000 trees sampled from a 4 million-generation run of 
MrBayes
26
 (Supplementary Fig. 2 and Supplementary File 2). A maximum likelihood tree build 
using PhyML
27
 produced a highly similar branching pattern supporting the overall family 
classification, though several terminal branches were not conserved (not shown). 
 
Expression and purification of A. thaliana CHI-fold proteins. The coding sequence for 
each A. thaliana protein’s CHI-fold domain was inserted between the NcoI and BamHI sites of 
the expression vector pHIS8, which, under the control of a T7 promoter, yields the target protein 
fused to a thrombin-cleavable amino-terminal His8-tag
28
. Proteins were heterologously expressed 
inE. coli BL21 (DE3) (Novagen) expression host. E. coli cultures were grown at 37 °C in Terrific 
Broth to an attenuance (600 nm) of 1.5, induced with 1 mM isopropyl-β-D-thiogalactoside 
(IPTG), then grown for an additional 6 h at 22 °C. Bacterial cells were collected by 
centrifugation, re-suspended in lysis buffer (50 mM Tris-HCl, pH 8.0; 0.5 M NaCl; 20 mM 
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imidazole; 1% Tween20; 10% glycerol; and 20 mM 2-mercaptoethanol) and lysed by sonication. 
Proteins were isolated from E. coli lysates by affinity chromatography with Ni-affinity (Ni
2+
-
NTA) agarose, and eluted with lysis buffer containing 0.25 M imidazole. Partly purified proteins 
were treated with thrombin for cleavage of the His8-tag, then further purified by gel-exclusion 
chromatography with a Superdex 200 HR26/60 column (Pharmacia Biosystems). 
Selenomethionine-substituted AtCHIL was generated from E. coli cultures grown in M9 minimal 
medium supplemented with an amino acid cocktail including L-selenomethionine
29
 (Sigma-
Aldrich), and were otherwise handled as described above for unlabeled protein. 
 
Analysis of FA binding by A. thaliana CHI-fold proteins. Bound ligands were extracted from 
protein samples of AtFAP1, AtFAP2 and AtFAP3 (1–2 mM ammonium bicarbonate) by addition 
of ethanol to a final concentration of 80%. After incubation at –20 °C for 3 days, the treated 
samples were centrifuged (16,000g at 4 °C) to remove denatured protein and other particulates, 
and the supernatant was evaporated under vacuum. Residual material was re-dissolved in 200 µl 
3-propanol, which was then passed through a 0.45 µm nylon filter in preparation for further 
characterization by HPLC–MS. The analysis of binding of exogenously provided α-linolenic 
acid by AtFAP1 used the aforementioned amino-terminal His8-tagged form of the protein 
coupled to Ni-affinity resin. Immobilized protein (2 mg) was incubated in buffer (12.5 mM Tris-
HCl, pH 8.0, 50 mM NaCl) with 0.5 mM α-linolenic acid, and subsequently washed thoroughly 
with buffer including 5% ethanol. The AtFAP1 protein was released with 0.25 M acetic acid, 
then processed for extraction of bound ligand as described above. Control samples were treated 
identically, except that the AtFAP1 protein was omitted. 
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Extracts were analyzed for fatty-acid content by HPLC-MS on an Agilent 1100 Series LC-MSD 
instrument with electrospray-ionization eluent introduction into an XCT ion trap mass 
spectrometer (Agilent). Chromatographic separations employed an Agilent Zorbax Eclipse XDB-
C18 (4.6 mm × 150 mm, 5 mm particle size) reversed-phase column run at a flow rate of 
0.5 ml min−1, and a linear gradient with initial and final mobile phases consisting of 95% 
water:5% acetonitrile:0.1% formic acid and 5% water:95% acetonitrile:0.1% formic acid, 
respectively. The identities of fatty-acid components were established by mass determination and 
comparison of chromatographic retention times with authentic fatty-acid standards (Sigma-
Aldrich). 
Thermal-shift binding assay. The shift in melting temperature for AtFAP proteins observed 
under increasing concentrations of fatty acids was measured using a Thermofluor-type assay 
similar to one previously published
30
. Protein melting temperatures were assayed using the 
LightCycler480 System II (Roche), using the following program: 30 s at 20 °C, ramp up to 85 °C 
at 0.06 °C s−1, 30 s at 20 °C, excitation wavelength 483 nm, emission wavelength 568 nm. Using 
SYPRO Orange (Sigma), an environmentally sensitive dye that interacts with hydrophobic 
amino-acid residues, the melting of a protein can be observed as a fluorescence increase when 
the hydrophobic core residues of a protein fold are exposed to the environment in a denatured 
protein. SYPRO Orange dye can interact with the unfolded protein and cause an increase in 
fluorescence. The maximum or minimum of a first derivative curve of the fluorescence profile 
will indicate the melting temperature (TM). The melting temperature of a protein in the absence 
of any additional compound provides a baseline melting temperature for the protein (TMo). 
Compounds can be screened for binding interactions with the protein of interest. When a ligand 
binds a protein, a change in Gibbs free energy occurs and may cause a change in observed TM for 
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that protein. Δ TM can be measured for a collection of putative ligands and the strength of 
binding interactions can be ranked and compared for compounds with similar physicochemical 
properties, providing a relative measure of binding affinities. 
A quantitative analysis of these relative binding affinities for AtFAPs versus the collection of 
fatty acids shown in Supplementary Table 1 (12 different fatty acids) can be obtained by a simple 
dose–response analysis of ΔTM with respect to fatty-acid concentration. Five micromoles of each 
protein and 10× SYPRO Orange (from 5000× stock solution) were mixed with from 10
−1
 to 
10
5 nM of the 12 different fatty acids, incubated at room temperature for 20 min, then assayed for 
protein melting temperature. Mean ΔTM (TMo − TMmeasured) was plotted against fatty-acid 
concentration for each FA/FAP combination using data from four replicate experiments. A 
‘dose–response: stimulation (three parameters)’ standard (Hill) slope nonlinear regression was fit 
to the data, using this model: Y = TMmin + [(TMmax − TMmin)/(1 + 10
(logEC
50
 − X)
)]. Calculated values 
of EC50 ± s.e.m. were reported as relative measures of binding constants, whereas maximum ΔTM 
was reported as a qualitative measure of free-energy change in the protein + ligand system. 
Crystallization and structure elucidation of A. thaliana CHI-fold proteins. Crystals of 
AtCHI-fold proteins were grown by vapour diffusion at 4 °C, from 1:1 mixtures of protein 
solution (10–15 mg ml−1 in 12.5 mM Tris-HCl, pH 7.5, 50 mM NaCl) and reservoir solution. The 
reservoir solution contained 28% polyethylene glycol (PEG) 8000, 0.3 M magnesium nitrate, 
2 mM dithiothreitol (DTT) and 100 mM HEPES-Na+ (pH 7.0) for AtCHI; 28% PEG 8000, 0.2 M 
calcium acetate, 2 mM DTT and 100 mM TAPS-Na+ (pH 8.5) for AtCHIL; 19% PEG 3350, 
0.3 M potassium chloride, 2 mM DTT and 100 mM TAPS-Na+(pH 8.5) for AtFAP1; and 7–9% 
PEG 8000, 0.2 M calcium acetate, 2 mM DTT and 100 mM PIPES-Na+ (pH 6.5) for AtFAP3. 
38 
 
Crystal growth typically occurred over a period of 2–10 days, and was sometimes expedited 
through seeding with finely crushed microcrystals. For heavy-atom complexes, crystals of 
AtFAP1 were soaked overnight in mother liquor supplemented with 1 mM K2PtCl4. 
Crystal samples were flash frozen by immersion in liquid nitrogen after a brief incubation in a 
cryoprotectant solution (consisting of reservoir solution supplemented with 17–20% ethylene 
glycol). X-ray diffraction data were collected from frozen crystals at the FIP beamline of the 
European Synchrotron Radiation Facility, beamlines 8.2.1 and 8.2.2 of the Advanced Light 
Source, Lawrence Berkeley National Laboratory, or beamlines 1-5 and 9-1 of the Stanford 
Synchrotron Radiation Laboratory. Diffraction intensities were measured on ADSC Quantum or 
MarResearch charge-coupled device detectors, and were indexed, integrated and scaled with 
MOSFLM
31
 and SCALA
32
, HKL2000
33
, or XDS and XSCALE
34
 programs. 
Crystallographic structure solutions for the CHI-fold proteins were obtained through either 
single/multiple-wavelength anomalous dispersion or molecular-replacement analyses, as detailed 
in Supplementary Table 8.For single/multiple-wavelength anomalous dispersion analyses, the 
location of anomalous scatterers and initial phase estimates were determined with the program 
SOLVE
35
, and preliminary structural models were automatically built with the program 
RESOLVE
36
. For molecular-replacement analyses, Molrep
37
 was used, and where necessary, 
search coordinate-sets were constructed through homology modelling with Modeller
38
. 
ARP/wARP
39
 was used for automated rebuilding of initial structure models for AtCHIL and 
AtFAP3. Subsequent structural refinements used CNS
40
 or REFMAC
41
. Xfit
42
 and Coot
43
 were 
used for graphical map inspection and manual rebuilding of atomic models. Programs from the 
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CCP4 suite
44
 were used for all other crystallographic calculations. Structural superpositions were 
calculated with SSM
45
. 
The identity of two ordered small-molecules bound in the active site of AtCHI was inferred to be 
nitrate because of the high concentration (0.3 M) of magnesium nitrate in the crystallization 
medium. From the X-ray crystallographic analysis, the shape and level of the electron density 
associated with these small molecules are also consistent with nitrate. 
Plant growth. This study used WT A. thaliana Columbia (Col-0 and Ws), and mutant and 
transgenic lines derived from them. Seeds (approximately five per pot) were sown on soil, in 
flats containing either 21 or 32 pots; genotypes were distributed in a completely randomized 
design. After incubation for 3 days at 4 °C to break dormancy, flats were moved to a growth-
chamber under long-day conditions (16:8 hours light:dark cycle) at 22 °C and 75% relative 
humidity; after a week pots were thinned such that each pot contained two plants. For additional 
plant morphological analyses and for seed collection, plants were grown in the greenhouse at 20–
23 °C under continuous illumination at (170 µmol m−2 s−1) in soil treated with granular Marathon 
(Olympic Horticultural Products) to protect against insect damage. 
In the specified experiments, after 3 weeks of growth at 22 °C, plants were further grown at 15, 
22 and 26 °C until senescence (control plants were grown at 22 °C for this period). Genotypes 
were distributed in a randomized design. Fatty-acid determinations were made from expanded 
rosette leaves harvested after 10 days of growth at 15, 22 and 26 °C. Growth and morphological 
phenotype of plant lines were observed every 2 days throughout development, and any 
differences between WT and mutants were recorded. 
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Molecular constructs, transgenic A. thaliana lines and microscopy. To evaluate subcellular 
location of the proteins, we generated promoter + target-GUS/GFP fusion constructs using 
promoters of two different lengths for FAP1 and FAP3, and promoter + CDS-GUS/GFP fusion 
forFAP2. The primers used for amplification were as follows: FAP1 prom1 + T FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTACTGGTAACTTCATTTAAACTTCCT-
3′); FAP1 prom2 + T FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGTCTTCAGACTGAATTATCTTCAAC-
3′); FAP1 prom + T Rev 5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTACGATCACACGGGAAATTTCG-
3′); FAP2 prom + CDS FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGAAAGTGAAACACAACACAAAA-
3′); FAP2 prom + CDS Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATAAGCTTTTGAATATAACTCCA-
3′); FAP3prom1 + T FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTCATTGAAACCAATAACTAGCAA-
3′);FAP3 prom2 + T FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAAAACGACAAGCAGTTGGTTATT-
3’); FAP3 prom + T Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTCAAAACTCCGGCGATAA-3′). These 
constructs harbored GFP fused to the amino-terminal region of FAP1/3 genes and the CDS 
of FAP2, under the control of the specified promoter. The constructs were cloned into the 
pDONR221 entry vector, integrated into the binary vector pBGWFS7 (ref. 46), and transformed 
into A. tumefaciens strain GV3101 by electroporation, which we used to transform A. 
41 
 
thaliana (Col-0) by the ‘floral-dip’ method47. After identification of putative transgenic T1 lines 
by bar resistance
48
, plants from 10 independent lines for each construct were analyzed by PCR 
using the attB-adapted primers (5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-forward 
primer, 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTC-reverse primer). Five independent 
transgenic lines in the T2generation (five individual plants from each transgenic line at each stage 
of development) were evaluated for GFP location by confocal microscopy
49
. 
To evaluate the spatial distribution of FAP expression in planta, we generated promoter-
GUS/GFP fusion constructs using promoters of two different lengths. The primers used for 
amplification were as follows: FAP1prom1 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTACTGGTAACTTCATTTAAACTTCCT-
3′); FAP1prom2 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGTCTTCAGACTGAATTATCTTCAAC-
3′); FAP1prom Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTCGTCGTCTTTTTGGTGTGAG-
3′); FAP2 prom FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAAGTGAAACACAACACAAAA-
3′); FAP2 prom Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATAAGCTTTTGAATATAACTCCA-
3′); FAP3 prom1 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTCATTGAAACCAATAACTAGCAA-
3′); FAP3 prom2 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAAAACGACAAGCAGTTGGTTATT-
3′); FAP3 prom Rev (5′-
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GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCAAAACTCCGGCGATAA-3′). 
Cloning, transformation and selection methods were as previously described in this section. Ten 
independent lines were obtained for each construct and analyzed by PCR. Representative 
transgenic lines in the T2 generation were subjected to histological tissue analysis. 
In an additional set of constructs for determining subcellular location, the full open reading 
frame (ORF) of FAP1 and 3 was introduced into pEarleyGate 103 (ref. 50), to generate an in 
frame fusion with GFP under the control of the cauliflower mosaic virus 35S promoter. The 
cloning procedure was similar to the one described above. The primers used for amplification of 
the open reading frames were FAP1p103 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTTTCGTTTCGCTTCC-
3′); FAP1p103 Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTGTCGAAGGCTAGAGAAGC-
3′); FAP3p103 FW (5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATGGGATTCTTGCAG-
3′); FAP3p103 Rev (5′-
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACTAGGGTCATGGCTAATTG-3′). After 
insertion of FAPs open reading frame in pDONR221, which contains kanamycin resistance 
(bacterial selection marker also found in the binary vector pEarleygate 103), we cleaved the 
transformed pDONR221 using restriction enzymes that do not cut the inserted sequence and 
purified the fragment of interest. Transgenic plants bearing promoter + target-GFP (cTP-GFP) 
gave indistinguishable results from those bearing 35S + CDS-GFP. 
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Near fully expanded leaves from 2-week-old T2 mutant plants (five independent lines) were 
collected for confocal microscopy observation using a Leica TCS NT laser scanning microscope 
system (Confocal Microscopy Facility, Iowa State University). For each line, five plants were 
analyzed. GFP signal and auto fluorescence were detected at wavelengths of 488 nm FITC and 
568 nm TRITC, respectively (Supplementary Fig. 4). We imported the images into Adobe 
Photoshop version 6.0 (Adobe). 
For histochemical studies, transgenic and control plants (siblings not containing the promoter–
GUS constructs) were collected at different stages of development. Plant material was incubated 
at room temperature in the dark with a GUS
51
 substrate solution containing 10 mg ml−1 X-Gluc 
in dimethylsulphoxide, 0.1 M potassium phosphate buffer (pH 7.0), Triton/ethanol (Triton X-
100:ethanol:water; 1:4:5), 0.1 M K3[Fe(CN)6] (pH 7.0), 0.1 M K4[Fe(CN)6] (pH 7.0), washed 
with 70% ethanol, observed and photographed with an Olympus stereomicroscope
49
 (Bessey 
Microscopy Facility, Iowa State University). 
T-DNA insertion lines and mutant isolation. Seeds of AtFAP1-1 (Salk_130560) and AtFAP1-3 
(Salk_039829) were obtained from the Arabidopsis Biological Resource Center; AtFAP1-2 
(Flag_389_G05) seeds were obtained from the Institut National de la Recherche Agronomique. 
PCR reactions with a combination of specific primers LP + RP and LB + RP were used to verify 
the site of T-DNA insertion for each line (Supplementary Table 9). The T-DNA insertion 
inAtFAP1-1 is located in the first intron; in AtFAP1-2 and AtFAP1-3, it is in the second exon 
(Supplementary Fig. 14). Knockout mutants were identified as homozygous via PCR and by 
backcrossing to WT and mutant parents (once each; heterozygous crosses resulted in 1:1 
segregation pattern). 
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We previously determined that the putative AtFAP3 mutant lines available from SALK and 
SAIL do not have the T-DNA insertion in AtFAP3. Specifically, we came to this conclusion after 
ordering and testing multiple batches of seeds of the SALK_107742 and SAIL_598_D12 
putative AtFAP3 mutant lines. The plants from these lines were screened by PCR using the 
primer combinations as suggested in TAIR ((SALK_107742-LP + SALK_107742-RP, 
lbba1/lbba1-3 + SALK107742-RP); (SAIL_598-LP + SAIL_598-RP, LB2/LB3 + SAIL_598-
RP)), in parallel with controls (SALK/SAIL lines representing the other FAP mutants). We were 
unable to identify either homozygote mutant or heterozygote mutant plants in the SALK_107742 
or SAIL_598 lines. Unlike the multiple independent AtFAP3-RNAi lines we generated, the 
SALK_107742 or SAIL-598 lines were visibly indistinguishable from those of the corresponding 
WT. 
DNA and RNA isolation from plant tissue and RT-PCR. Genomic DNA was isolated from 
leaves using a cetyl trimethylammonium bromide extraction protocol
52
. Tissue was frozen and 
ground to a powder in liquid nitrogen. Buffer composed of 1% cetyl trimethylammonium 
bromide, 50 mM Tris-HCl, pH 8.0, 0.7 mM NaCl, 10 mM EDTA, 0.5% polyvinylpyrrolidone 
(PVP), was added; samples were homogenized and incubated at 65 °C for 1 h. The solution was 
extracted with chloroform, followed by isopropanol precipitation of DNA. After incubation for 
10–30 min at −20 °C, the pellet was treated with RNase before precipitation with sodium acetate, 
centrifugation and washing with 70% ethanol. After centrifugation, the pellet was dried, re-
suspended in water, and DNA was amplified by PCR as previously described. 
Total RNA was isolated from leaves from 2-week-old WT and mutant plants with TRIzol 
reagent (Invitrogen) following the manufacturer’s instructions. Isolated RNA was treated with 
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amplification-grade DNaseI (Invitrogen) to remove genomic DNA in the samples. The purified 
RNA was used for RT–PCR amplification with the SuperScript III One-Step Kit (Invitrogen) 
according to the manufacturer’s instructions. The forward and reverse primers used were as 
follows: 5′-ATGGTTTCGTTTCGCTTCC-3′ and 5′-CTAGTTGTCGAAGGCTAGAGAAGCT-
3′, respectively; tubulin primers (FW 5′-CGTGGATCACAGCAATACAGAGCC-3′ and REV 
5′-CCTCCTGCACTTCCACTTCGTCTTC-3′) were used as a control for RNA content. The 
thermal profile used was as follows: one cycle: 45–60 °C for 15–30 min (complementary DNA 
synthesis); one cycle: 94 °C for 2 min (denaturation); 28 cycles: 94 °C for 15 s (denature), 56 °C 
for 30 s (anneal), 68 °C for 1 min kb−1 (extend). The final extension comprised one cycle: 68 °C 
for 5 min. 
Western blot analysis. Total protein was extracted from 3-week-old plant leaves and seven or 
eight DAF siliques; protein concentration was determined using the method of Bradford
53
. 
Extracts containing 100 μg of total protein were loaded in each well for SDS–PAGE; for a 
positive control, 0.1 μg of purified protein was used. Proteins were transferred to nitrocellulose 
membrane using Bio-Rad apparatus. FAP3-specific antiserum was generated in rabbits at the 
Protein Facility of Iowa State University by using FAP3 protein expressed and purified from E. 
coli.                                                                                                                                                                 
 
Fatty-acid analysis from plant tissue. Fatty acids were extracted using a barium hydroxide 
hydrolysis protocol
20, 54, 55
. Recently expanded rosette leaves were collected and placed in liquid 
nitrogen. Each replicate comprised leaves from a single plant. Approximately 0.1 g fresh weight 
of leaves or 5 mg of seeds was used for each extraction. Tissues were frozen in liquid nitrogen 
upon collection, and placed in a pre-cooled tissue homogenizer. Twenty microlitres of internal 
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standard (nonadecanoic acid, C19:0, 2 mg ml−1 dissolved in chloroform) and 1 ml of barium 
hydroxide were added, and the mixture was further homogenized according to the procedure in 
plant metabolomics.org (http://www.plantmetabolomics.org). The homogenate was transferred to 
a glass tube and 550 µl of 1,4-dioxane (Aldrich catalogue number 123-91-1) added. The tube was 
tightly capped and incubated for 24 h at 110 °C. The solution was then acidified with six drops of 
6 M HCl, hexane (2 × 3 ml) was added, and the mixture was centrifuged. The hexane layer was 
transferred to a new tube, dried under nitrogen gas, methylated with 2 ml of HCl: methanol for 
1 h at 80 °C, followed by two extractions in hexane (2 ml each). Samples were dried under 
nitrogen gas, acetylated with 1 ml of acetonitrile and 70 µl of bis-
(trimethylsilyl)trifluoroacetamide for 20 min at 60 °C. The solvent was evaporated under 
nitrogen gas and 200 µl (for leaf samples) or 1.5 ml (for seed samples) of chloroform was added. 
Chloroform-dissolved material was subjected to fatty-acid methyl ester analysis using a Model 
6890 series gas chromatograph (Agilent) equipped with a Mass Detector 5973 (Agilent) and an 
HP-1 silica capillary column (30 m × 30.32 mm, inner diameter), using helium as a carrier 
gas
56, 57
. The injector and detector temperature was 300 °C. The initial oven temperature was 
100 °C for 2 min, increased to 240 °C at a rate of 5 °C min−1, and maintained at 240 °C for 5 min. 
The total running time was 40 min. AMDIS software version 2.65 was used for peak 
integration
58
; peaks were identified through the Agilent NIST05 mass spectra libraries 
(http://www.nist.gov/srd/nist1a.htm). Fatty-acid methyl esters were quantified in each sample in 
accordance with the amount of nonadecanoic acid internal standard added. 
Statistical and bioinformatics analysis. All experiments were conducted a minimum of three 
times. For each experiment, plants were collected and analyzed in randomized block design. 
Data are presented as mean ± s.d. We compared two sets of independent samples using 
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Student’s t-test (two-tailed) with assumption of equal variances and P < 0.05 was considered 
significant. 
 
Pearson correlation coefficients of A. thaliana transcript accumulation across changes in plant 
genotype, environment and development were calculated using MetaOmGraph 
(http://www.metnetdb.org)
13
 and a data set consisting of 951 chips from 72 public microarray 
experiments
14, 49
. 
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Supplementary Figure 1. Schematic of product bound in the CHI active site.  Hydrogen 
bonds are green dashed lines and van der Waals interactions red arcs. Catalytic residues are red 
and those within 5 Å of (2S)-naringenin are orange.  Residue numbering refers to the MsCHI 
sequence. AtCHI residue numbers are in parentheses. Figure rendered with LIGPLOT (Wallace, 
A.C., Laskowski, R.A. & Thornton, J.M. LIGPLOT: a program to generate schematic diagrams 
of protein-ligand interactions. Protein Eng. 8, 127-134 (1995)). 
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Supplementary Figure 2 
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Supplementary Figure 2 (previous page). Comprehensive phylogenetic analysis of the CHI-
fold, based on protein sequence alignment (Supplemental File 1). Tree calculated by 
MrBayes 26shows a consensus of 30,000 trees from a 4 million generation run. Posterior 
probabilities of less than 0.85 are labeled. Genes are named by class (CHI, CHIL, FAPa or 
FAPb), unless previously named, and major classes are labeled. Diatom-specific FAPs are 
labeled FAPd. Some likely allelic variants have been collapsed (CHI2/3, CHI1b1/2 and 
CHI4A/B from Glycine max). Several sequences are incomplete or imperfect predictions. 
Sequences and accessions are listed in Supplemental File 2. 
 
 
 
 
 
Supplementary Figure 3. Phylogeny of the CHI-fold proteins. Related genes are found in 
fungi, diatoms and several other protists (Monosiga, Capsaspora and Dictyostelium) and in many 
proteobacteria but absent from animals and archaea. Distinct FAPa and FAPb families occur in 
green algae and higher plants. A CHIL gene appears first in mosses, and duplicates to give rise to 
the catalytic CHI found in vascular plants. Selected regions of the structure-based sequence 
alignment are shown to the right of the tree. Color-coding for the two CHI sequences is the same 
as in Fig. S1. Residues within 5 Å of the FA ligands in AtFAP1 and AtFAP3 are shaded green 
while the carboxylate-binding residues are shaded red.
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Supplementary Figure 4. Subcellular localization of AtFAP proteins in transgenic A. 
thaliana. a, Overview of promoter + AtFAP-CDS-GFP constructs  engineered into  Arabidopsis 
(Supplementary methods).  b-d, Confocal microscopy of mesophyll cells from transgenic plants; 
GFP and auto fluorescence signals merge, indicating that the AtFAP1, AtFAP2, and AtFAP3 
proteins are likely located in the stroma of chloroplasts.  For each FAP construct, five 
independent transgenic lines in T2 generation were evaluated for GFP location (material from 
five individual plants per each of these five independent transgenic lines were observed), 
representative images are shown. b, promoter + AtFAP1CDS-GFP, 4-day-old cotyledons. c, 
promoter + AtFAP2CDS-GFP, midsections of leaves from two-week old plants. d, promoter + 
AtFAP3CDS-GFP, 4-day-old cotyledons. White arrow indicates a single chloroplast.  
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Supplementary Figure 5. Three-dimensional comparison of the CHI-folds. Superposition of 
known CHI-fold containing protein structures from A. thaliana and alfalfa. Polypeptide-chain 
backbones (AtCHI: green; alfalfa MsCHI: cyan; AtCHIL: magenta; AtFAP1: yellow; AtFAP3: 
red-brown) are represented as alpha-carbon skeletons. The bound ligands in MsCHI (naringenin, 
gray bonds), in AtFAP1 (laurate, yellow bonds), and in AtFAP3 (palmitate, red-brown bonds) 
are shown in ball-and-stick representation. Structure comparisons between MsCHI and the A. 
thaliana proteins yield for AtCHI, a r.m.s.d. of 1.45 Å (considering 210 equivalent residues with  
48.6% sequence identity); for AtCHIL, 1.73 Å r.m.s.d. (190 residues, 28.9% identity); for 
AtFAP1, 2.32 Å r.m.s.d. (186 residues, 19.9% identity); and for AtFAP3, 1.89 Å r.m.s.d. (194 
residues, 21.1% identity). 
 
56 
 
Supplementary Figure 6. 
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Supplementary Figure 6 (previous page). FA-binding cavity comparison for AtFAP1 and 
AtFAP3. a, Schematic depiction of two laurate molecules bound to AtFAP1. Hydrogen bonds 
are shown as green dashed lines and labeled with the distance from non-hydrogen atom to non-
hydrogen atom. van der Waals interactions are shown as red arcs. The carbons for each laurate 
molecule are labeled from C1 to C12. Carboxylate-binding residues and FAs are depicted as 
color-coded ball and stick models. b, Schematic depiction of the palmitate binding site in 
AtFAP3 rendered as for panel a. The carbons for the palmitate ligand are labeled from C1 to 
C16. Figure rendered with LIGPLOT (Wallace, A.C., Laskowski, R.A. & Thornton, J.M. 
LIGPLOT: a program to generate schematic diagrams of protein-ligand interactions. Protein Eng. 
8, 127-134 (1995)). 
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Supplementary Figure 7. 
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Supplementary Figure 7 (previous page).  Dose-response curves for AtFAP3 generated 
using thermal shift response to increasing fatty acid (FA) concentration.  5 uM protein and 
10X SYPRO Orange were mixed with from 10
-1
 to 10
5
 nM of various FAs.  Melting temperature 
for the mixtures were measured using a LightCycler480 II.  The thermal shift resulting from the 
addition of a measured amount of various FAs relative to a no-additive negative control (y-axis) 
has been plotted versus the FA concentration (log scale, x-axis).  A three-parameter dose-
response (stimulation) curve was fit to the data using GraphPad Prism v5.04 (GraphPad 
Software, CA, USA).  Data points shown are mean ± SE, where n = 4.  The maximum 
temperature shift, EC50, and coefficient of determination (R
2
) for each fitted model are listed 
below the corresponding graph. Only curves with R
2 
> 0.800 are plotted.  Calculated EC50 ± SE 
is reported as relative measures of binding constants, while maximum Tm is reported as a 
qualitative measure of free energy change in the protein + ligand system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
60 
 
Supplementary Figure 8. 
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Supplementary Figure 8 (previous page).  Dose-response curves for AtFAP1 generated 
using thermal shift response to increasing fatty acid (FA) concentration.  5 uM protein and 
10X SYPRO Orange were mixed with from 10
-1
 to 10
5
 nM of various FAs.  Melting temperature 
for the mixtures were measured using a LightCycler480 II.  The thermal shift resulting from the 
addition of a measured amount of various FAs relative to a no-additive negative control (y-axis) 
has been plotted versus the FA concentration (log scale, x-axis).  A three-parameter dose-
response (stimulation) curve was fit to the data using GraphPad Prism v5.04 (GraphPad 
Software, CA, USA).  Data points shown are mean ± SE, where n = 4.  The maximum 
temperature shift, EC50, and coefficient of determination (R
2
) for each fitted model are listed 
below the corresponding graph. Only curves with R
2 
> 0.800 are plotted.  Calculated EC50 ± SE 
is reported as relative measures of binding constants, while maximum Tm is reported as a 
qualitative measure of free energy change in the protein + ligand system. 
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Supplementary Figure 9. 
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Supplementary Figure 9 (previous page).  Dose-response curves for AtCHI generated using 
thermal shift response to increasing fatty acid (FA) concentration.  5 uM protein and 10X 
SYPRO Orange were mixed with from 10
-1
 to 10
5
 nM of various FAs.  Melting temperature for 
the mixtures was measured using a LightCycler480 II.  The thermal shift resulting from the 
addition of a measured amount of various FAs relative to a no-additive negative control (y-axis) 
has been plotted versus the FA concentration (log scale, x-axis).  A three-parameter dose-
response (stimulation) curve was fit to the data using GraphPad Prism v5.04 (GraphPad 
Software, CA, USA).  Data points shown are mean ± SE, where n = 4.  The maximum 
temperature shift, EC50, and coefficient of determination (R
2
) for each fitted model are listed 
below the corresponding graph. Only curves with R
2 
> 0.800 are plotted; n.c. = not converged, 
for data that could not be fit to the regression curve.  Calculated EC50 ± SE is reported as 
relative measures of binding constants, while maximum Tm is reported as a qualitative measure 
of free energy change in the protein + ligand system. 
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Supplementary Figure 10.  
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Supplementary Figure 10 (previous page). Co-accumulation of the FAP transcripts with 
other transcripts. MetaOmGraph
36
 was used for both visualization and calculation of Pearson 
coefficients across a curated dataset of 1000 microarray chips
36,37
. a, accumulation of AtFAP1 
and AtFAP3 transcripts. Accumulation of AtFAP1 and AtFAP3 is highest in seeds during 
development from 6-7 days after flowering (red star), the time of maximal oil accumulation.  The 
genes are also expressed in the leaves (arrow, leaves 1&2) and pollen (blue star). The points on 
the x-axis are the transcript levels in an individual experiment for each microarray chip, whereas 
the points on the y-axis represent the normalized transcript accumulation of the gene for the chip. 
The data are normalized such that the mean accumulation level of a transcript is 100 (green 
horizontal line). b, Pearson’ correlation of the accumulation of the AtFAP1 transcript was 
compared with those of approximately 22,000 other genes of A. thaliana.  Of the 22,000 genes 
represented in this dataset, the expression patterns for AtFAP1 and AtFAP3 correlate most 
significantly with those of genes encoding FA biosynthetic proteins  ACP (acyl carrier protein), 
malonyltransferase, ACP dehydratase, acetyl-CoA carboxylase, acetyl transferase, beta-ketoacyl-
ACP synthase, fatty acid synthase, biotin carboxylase, and biotin carboxyl carrier protein. (The 
eight most closely correlated genes, and putative annotation for pathway participation (TAIR), 
are shown.) The genes highlighted in yellow are enzymes of FA biosynthesis. AtFAP1 (in blue) 
and AtFAP3 (in red) have a high co-expression coefficient. 
AtFAP3      AtFAP1 
FAP1 
FAP3 
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Supplementary Figure 11. Expression patterns of the AtFAP1 wild type gene. Five 
independent transgenic lines (5-6 plants/line) at each developmental stage were evaluated for 
AtFAP1-driven GUS activity. AtFAP1 is highly expressed in seedlings, young leaves, roots, 
locules during pollen maturation (yellow arrow), seed coats, and developing embryos. 
Expression is low/not detectable in mature and senescing leaves and opened flowers (red arrow). 
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Supplementary Figure 12. Expression patterns of the AtFAP2 wild type gene. Five 
independent transgenic lines (5-6 plants/line) at each developmental stage were evaluated for 
AtFAP2-driven GUS activity. AtFAP2 is highly expressed in seedlings, cotyledons, young and 
mature leaves, roots (strong expression at the tip), opened flower, young siliques, seed coats, and 
developing embryos.  
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Supplementary Figure 13. Expression patterns of the AtFAP3 wild type gene. Five 
independent transgenic lines (5-6 plants/line) at each developmental stage were evaluated for 
AtFAP3-driven GUS activity. AtFAP3 is highly expressed in seedlings at very young stages (1-6 
DAI), young cotyledons, young shoot, roots, seed coats, and developing embryos. Expression is 
low/not detectable in leaves and flowers. 
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Supplementary Figure 14. Exon and intron organization of the AtFAP1 and AtFAP2 loci 
and position of the T-DNA insertions in the mutant lines. fap1-1, fap1-3, fap2-1 and fap2-2 
are in Col-0 background, while fap1-2 is in the Ws background. 
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Supplementary Figure 15. PCR screening and gene expression by RT-PCR. Left, PCR 
screening for fap1and fap2 homozygous mutant lines in DNA extracted from three mutants for 
each gene; a, fap1-1, b, fap1-2; c,  fap1-3; f,  fap2-1; and g, fap2-2. Numbers represent the line 
number, while A represents the LP + RP reaction and B represents the LB + RP reaction. Right, 
RT-PCR using RNA extracted from two week old plants. Ws is the non-mutant control for fap1-2 
(d); Col-0 is the non-mutant control for fap1-1, fap1-3 (e), fap2-1 (h), and fap2-2(i). 1 represents 
reactions using FAP1/FAP2-specific forward and reverse primers, and 2 represents reactions 
using tubulin forward and reverse primers (control for load). No FAP1 transcript was observed in 
the fap1-2 and fap1-3 mutant lines, and no FAP2 transcript in the fap2-1 and fap2-2. 
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Supplementary Figure 16. 
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Supplementary Figure 16 (previous page). Creation of AtFAP3-RNAi lines. a, Structure of 
the pAGRIKOLA vector  #  CATMA1a44560 (Hilson et al., 2004, obtained from the Nottingham 
Arabidopsis Stock Center (NASC)) used to create AtFAP3-RNAi transgenic lines. This vector 
contains a sequence of 169 bp derived from the first exon of FAP3, and unique to this gene in 
Arabidopsis genome. The vector was introduced into Agrobacterium tumefasciens strain 
GV3101 which was then used to transform Arabidopsis thaliana Col-0 plants. b, Selection of 
transgenic lines was based on the bar resistance followed by PCR validation using primers 
Agri51, Agrib56, Agri 64 and Agri 69 (Supplementary table 2). A sample result is shown. c, 
Semi-quantitative RT-PCR of leaves from T3 transgenic plants of three independent transgenic 
lines. Panel 1 represents reactions using FAP3-specific forward and reverse primers; Panel 2 
represents reactions using tubulin forward and reverse primers (controls for load). One of the 21 
T1 FAP3-RNAi lines was very small and did not bear seed (not shown); fap3, AtFAP3-RNAi 
plants. d, Semi-quantitative RT-PCR of leaves from homozygous and heterozygous and sibling 
WT at the T3 generation providing indication of range of relative levels of accumulation of FAP3 
RNA. Panel 1 represents reactions using FAP3-specific forward and reverse primers; Panel 2 
represents reactions using tubulin forward and reverse primers (controls for load). e, Western blot 
analysis of siliques from AtFAP3-RNAi lines shows significant reduction in FAP3 protein 
accumulation in siliques of these RNAi lines compared to WT plants. Total protein was extracted 
from 7-8 siliques; for each silique extract, 100 µg protein is loaded in each lane. + represents a 
positive control of o.1 µg purified FAP3 protein. Lane WT is silique extract from the non-
transgenic siblings of line. Lane 1, 2, 3 are silique extracts from T3 plants of three independent 
AtFAP3-RNA lines. Siliques were used for Western analyses because of the relatively low level 
of expression of AtFAP3 in other parts of the plant; fap3, AtFAP3-RNAi lines. 
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Supplementary Figure 17. Vegetative growth characteristics of Atfap1 homozygote 
mutants. Plants were grown under a wide variety of conditions, including variations in day 
length, temperature, and hormonal treatments.  Under all these conditions, the Atfap1 null alleles 
are indistinguishable from the corresponding A. thaliana control during vegetative growth. The 
plants shown were grown under long day conditions (16h:8h light:dark). Plants were kept at 
22ºC for 3 weeks, and then randomly selected and transferred to one of the following 
temperatures: a, 15ºC; b, 22ºC; c, 26ºC; plants were kept at these temperatures for 4 or more 
weeks (until senescence), and the phenotype was observed twice per week. 
74 
 
Supplementary Figure 18. 
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Supplementary Figure 18 (previous page). Vegetative and reproductive phenotype of FAP 
double mutants show additive effect of fap mutations. Plants were randomly grown in a flat in 
the growth chamber under 16 h light/8 h dark at 22 ºC. fap1/fap2 homozygous double mutant 
plants are indistinguishable from wild-type plants at the vegetative stage, and have a 
reproductive phenotype similar to, but more severe than both homozygous single mutants. 
fap1/fap3 and fap2/fap3 present the altered vegetative and reproductive development phenotype 
similar to that of fap3 mutants (early bolting, fast growth, increased branching, reduced apical 
dominance, reduced overall size of plants, short siliques and aborted ovules). a, 3-week-old 
plants, b, 4 week-old plants, and c, 5 week-old plants. At the reproductive stage fap1/fap2 double 
mutants have shorter siliques, d, n= 10 siliques/plant for 3 plants/genotype, and more aborted 
ovules, g, n=5 silques/plant for 3 plants/genotypes, than both fap1 and fap2 single mutants. In 
addition, the length of siliques in fap1/fap3 and fap2/fap3 double mutants is significantly reduced 
as compared to the corresponding single mutants, e, f, n=5 siliques/plant for 6-8 plants/genotype. 
Despite the shorter siliques in the double mutants, the number of aborted seeds in fap1/fap3 and 
fap2/fap3 is indistinguishable from fap3 homozygous single mutants, h, i, n=10 siliques/plant for 
3-4 plants/genotype. Black star, significantly different to wild-type controls; blue star, 
significantly different to fap1; purple star, significantly different to fap2; red star, significantly 
different to fap3. Values are mean ± standard deviation. fap1 refers to homozygous Atfap1 T-
DNA insertion lines, fap2 refers to homozygous Atfap2 T-DNA insertion lines, fap3 refers to 
homozygous AtFAP3 RNAi lines. All WT, wild type. 
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Supplementary Figure 19. 
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Supplementary Figure 19 (previous page). Phenotypic characterization of fap3 RNAi 
plants. All fap3 RNAi lines present unique growth and morphological alterations as compared to 
wild-type plants. a, 2 week old plants. b, While fap3 plants start bolting during the third week 
after germination, wild-type plants bolt during the fourth week . c,  6 week old plants; fap3 plants 
grow faster than wild-type controls and produce multiple lateral branches (6 rosette lateral 
branches on fap3 plants versus no rosette lateral branches for wild-type plants) (d).  e, 8 week 
old plants, overall reduced size of fabp3 as compared to wild-type plants (h, n=8 
plants/genotype). f, Siliques from wild-type plants are longer those of fap3 RNAi lines (average 
length = 19 mm for wild type vs. 15 mm for fap3 plants; P < 0.01, n=10 siliques/plant for 10 
plants/genotype). g, fap3 siliques contain abnormal ovules (pink arrows), their frequency 
increases in siliques located close to the apex of the stem (g-1, g-2). i, The ratios of normal to 
abnormal seeds in the wild-type and fap3 plants grown at 22 ºC is significantly different (P < 
0.01 and n=10 siliques/plants for 3-4 plants/genotype) . j, In seeds of fap3 mutants, like the fap1 
mutants, there is a significant increase (P<0.05) in the abundance of  total FAs relative to WT. 
For all experiments, statistical significance of t-test results shown with asterisks (*, P<0.05) and 
represent both fap3 RNAi lines; n=4 biological replicates/experiment for 3 experiments, error 
bars represent SE; WT, wild-type.    
 
 
 
 
 
 
 
 
 
 
 
 
78 
 
 
 
 
Supplementary Figure 20. Reciprocal crosses between WT (Col-0) and Atfap1 null plants.  
Two types of crosses were conducted: WT pistil x Atfap1 pollen; Atfap1 pistil x WT pollen. a, 
PCR screening to confirm Atfap1 progeny are heterozygotic: numbers indicate the line 
designation, A represents the LP + RP reaction, B  represents the LB + LB. b, Length of siliques 
derived from reciprocal crosses (values are mean ± standard deviation; n = 10 siliques per 
genotype; p-values < 0.05). c, Siliques derived from reciprocal crosses. 1, WT pistil x Atfap1-1 
pollen; 2, Atfap1-1 pistil x WT pollen; 3, WT pistil x Atfap1-3 pollen; 4, Atfap1-3 pistil x WT 
pollen); red arrows identify aborted seeds. d, % of normal versus abnormal seeds (n = 10 siliques 
per genotype; for all stars, p-value < 0.05). WT, wild type. 
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Supplementary Figure 21. Reciprocal crosses between WT (Col-0) and AtFAP3 RNAi 
plants. When a male wild type is crossed to a female fap3, the decreased silique length and 
increased abortions are the same as fap3 homozygotes. In contrast, when a male fap3 is crossed 
to a female WT, the siliques resemble the WT. These data indicate the silique length (a) and 
abortions (b) are determined maternally (pink arrow, aborted ovules; yellow arrow, normal 
seeds).  
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Supplementary Figure 22. Phenotype characterization of AtFAP3- RNAi heterozygote 
plants.  Plants randomly grown in a flat under 16 h light/8 h dark at 22 ºC. The altered vegetative 
phenotype of fap3 mutants, which includes early bolting, fast growth, increased branching, 
reduced apical dominance and overall size of plants, is reversed to wild-type phenotype in the 
heterozygote plants. 5 weeks (a), 6.5 weeks (b), and 8 weeks old plants (c, f; *, P<0.01; n=5 
silique/plant for 5 plants/genotype).  In contrast, the short silique phenotype of fap3 RNAi plants 
and the aborted ovule phenotype are not reverted to wild type in the heterozygote plants and that 
these traits may be subject to maternal or paternal effects  (d, e, g, h),  (*, P<0.01; n=5 
siliques/genotype).  fap3 are AtFAP3 RNAi plants. 
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Supplementary Figure 23. Abundance of total fatty acids increased in leaves and seeds of 
fap double mutants. a,  Fatty acids extracted from mature leaves of 18 day-old plants grown at 
22 ºC (n=6 biological replicates/genotype). b,  Reduction in the yield of seed mass per plant in 
fap1, fap3-RNAi, and fap double mutants as compared to wild type plants (n=5 plants/genotype). 
c, Altered fatty acid composition and content in seeds of fap double mutants (n=6 biological 
replicates/genotype). Black star, significantly different to wild-type controls; blue star, 
significantly different to fap1; purple star, significantly different to fap2; red star, significantly 
different to fap3. Values are mean ± standard deviation.  fap3 are AtFAP3 RNAi plants. 
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Supplementary Table 1: Thermal stability-shift assay.  Maximum temperature shift and relative 
binding affinities for various fatty acids (FAs) with Arabidopsis thaliana fatty-acid binding proteins 
(FAPs) measured using thermal-shift protein melting assay. Max Tm indicates the greatest absolute 
temperature shift observed with a protein/FA combination while the EC50 indicates the concentration of 
FA at which half the maximal temperature shift is observed, as determined by non-linear regression fit of 
a dose-response curve (three variables). Thus, the EC50 provides a relative binding affinity for a specific 
FA at a given melting temperature (Tm). The coefficient of determination (R
2
) is included to report on 
goodness of fit to the dose-response regression model. Only regression curves with R
2
 > 0.800 have 
results displayed. Data obtained from four replicates (n=4), with EC50 shown as mean ± SE. Analysis 
curves are shown in Supplemental Figures 7-9. 
 
 
 
Lauric 
C12:0 
Myristic  
C14:0 
Myristoleic 
C14:1            
9 
Palmitic
C16:0 
Palmitoleic 
C16:1          
9 
Stearic 
C18:0 
Oleic     
C18:1         
9 
Elaidic     
C18:1      
trans-9 
cis-
Vaccenic 
C18:1             
11 
Linoleic 
C18:2        
9,12 
Linoelaidic  
C18:2              
t,t-9,12 
Linolenc   
C18:3       
9,12,15 
AtFAP3 
Max 
Tm   
(°C) 
3.2 3.7 2.1 3.4 3.1 7.2 2.9 3.7 2.5 4.1 4.2 5.0 
R2 0.82 0.90 0.43 0.88 0.90 0.94 0.80 0.86 0.83 0.54 0.89 0.82 
EC50     
(M) 
8.0±1.6 6.9±1.1  2.5±0.7 4.1±0.7 16.8±4.2 9.7±1.9 6.9±1.4 10.8±3.5  27.2±5.4 1.6±0.8 
AtFAP1 
Max 
Tm    
(°C) 
3.2 4.7 3.0 4.6 3.0 3.1 0.3 3.1 2.1 0.6 3.0 5.1 
R2 0.87 0.87 0.61 0.82 0.43 0.86 0.43 0.40 0.34 0.24 0.65 0.91 
EC50     
(M) 
2.6±0.7 14.2±3.8  1.6±0.9  1.7±0.6      3.9±1.2 
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Supplementary Table 2. Silique length and number of abortions in homozygous WT, Atfap1 
mutants, and reciprocal crosses. Heterozygotes were derived from reciprocal crosses of male 
and female Atfap1 mutants; a higher rate of abortion phenotype is retained only when the female 
parent is Atfap1 mutant.   
 
Genotype 
 
Silique length 
(mm) 
(Mean ± SD) 
Normal seeds  
per silique  
(Mean ± SD) 
Abnormal seeds  
per silique  
(Mean ± SD) 
WT 19.1 ± 0.4 68.1 ± 2.9 0 
Atfap1-1/Atfap1-1 15.4 ± 0.5 45.4 ± 7.4 11.8 ± 4.0 
Atfap1-3/ Atfap1-3 17.1 ± 0.2 52.7 ± 3.2 9.7 ± 4.4 
WT pistil + Atfap1-1 mutant pollen 18.9 ± 0.4 67.5 ± 5.2 1.2 ± 0.6 
Atfap1-1 mutant pistil + WT pollen 17.1 ± 0.2 51.7 ± 8.6 4.7 ± 2.0 
WT pistil + Atfap1-3 mutant pollen 19.0 ± 0.3 68.7 ± 2.8 1.1 ± 0.9 
Atfap1-3 mutant pistil -WT pollen 17.6 ± 0.4 62.7 ± 6.7 4.9 ± 1.9 
 
 
 
Supplementary Table 3. Segregation analysis of reciprocal heterozygote crosses. The 
genotypes of the progeny of heterozygous plants were analyzed by PCR-base experiments. Seeds 
obtained from crosses between fap1-3 female and WT male, the WT female and fap1-3 male 
were germinated and accessed by PCR. 
  
Genotype of parents Genotypes of progeny # seedlings 2 (1:2:1) P-value 
FAP1-3/fap1-3 
a 
(fap1-3 female and WT male) 
FAP1-3/FAP1-3 
FAP1-3/fap1-3 
fap1-3/fap1-3 
50 
82 
44 
1.23 0.54 
FAP1-3/fap1-3 
b
 
(WT female and fap1-3 male) 
FAP1-3/FAP1-3 
FAP1-3/fap1-3 
fap1-3/fap1-3 
24 
67 
33 
2.11 0.35 
    
 a Seeds collected from four individual plants. b Seeds collected from three individual plants. 
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Supplementary Table 4.  Germination rates of wild type, homozygote single/double 
mutants, and heterozygotic seeds is indistinguishable. Seeds from plants of each genotype 
were sown on Murashige and Skoog agar medium (Invitrogen, Carlsbad, CA) plates. Each plate 
contained 25 seeds; n = 6 plates (150 seeds/genotype, in total). The plates were first placed at 
4ºC for 2 days, and then transferred into a growth chamber at 22°C with continuous illumination 
(100 μmol m–2 s–1). The germination rate was recorded five days after transfer to the growth 
chamber. 
 
Genotype # germinated seeds (%) # non-germinated seeds (%) 
FAP1-3/FAP1-3 
(homozygote WT) 
149 (99.33%) 1 (0.67%) 
fap1-3/fap1-3 
(homozygote mutant) 
149 (99.33%) 1 (0.67%) 
FAP1-3/fap1-3
 
(fap1-3 female and WT male) 
150 (100%) 0 
FAp1-3/fap1-3 
(WT female and fap1-3 male) 
149 (99.33%) 1 (0.67%) 
FAP3/FAP3 
(homozygote WT) 
80 (100%) 0 
FAP3/fap3 
(heterozygote RNAi)  
149 (99.33%) 1 (0.67%) 
fap3/fap3  
(homozygote RNAi) 
150 (100%) 0 
fap1-3/fap2-1 
(double mutant) 
150 (100%) 0 
fap1-3/fap3-1 
(double mutant) 
148 (98.67%) 2 (1.33%) 
fap2-1/fap3-1 
(double mutant) 
149 (99.33%) 1 (0.67%) 
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Supplementary Table 5. Seed abortion rates of FAP1 heterozygous plants are 
indistinguishable from wild type.  Plants were grown under continuous illumination at 22°C; 
abortion was accessed in 3-4 siliques per plant, using 3-4 plants for each genotype.  
 
Genotype # normal seeds (%) # aborted ovules (%) 
FAP1-3/FAP1-3 
(homozygote WT) 
684 (99.56%) 3 (0.44%) 
fap1-3/fap1-3 
(homozygote mutant) 
454 (82.4%) 97 (17.6%) 
FAP1-3/fap1-3
 
(fap1-3 female and WT male) 
628 (99.52%) 2 (0.48%) 
FAP1-3/fap1-3 
(WT female and fap1-3 male) 
620 (99.68%) 1 (0.32%) 
 
 
 
 
Supplementary Table 6. Lengths of siliques from heterozygous plants are indistinguishable 
from wild type. Plants were grown under continuous illumination at 22°C; 5 siliques were 
measured per plant, using 6 plants for each genotype. 
 
Genotype 
Silique length 
(mm) 
Mean (± SD) 
FAP1-3/FAP1-3 
(homozygote WT) 
18.9 (±0.09) 
fap1-3/fap1-3 
(homozygote mutant) 
17.17 (±0.12) 
FAP1-3/fap1-3
 
(fap1-3 female and WT male) 
18.85 (±0.15) 
FAP1-3/fap1-3 
(WT female and fap1-3 male) 
18.73 (±0.09) 
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Supplementary Table 7. Segregation analysis of heterozygote FAP3 RNAi plants. Seeds 
obtained from crosses between the fap3-RNAi female and WT male, the WT female and fap3-
RNAi male were germinated and genotyped. In both cases, P-value < 0.0001; the difference 
between the expected and observed values is not due by chance. Most aborted seeds in the 
heterozygote siliques are likely homozygotes with some heterozygotes. These data are consistent 
with a functional FAP3 being required for normal embryo development. 
 
Genotype of parent 
Genotype of 
progeny 
Number of 
plants 
2 (1:2:1) P-value 
 
 
FAP3/ fap3-RNAi   
(fap3-RNAi  female; WT male) 
 
FAP3/FAP3 
 
FAP3/ fap3-RNAi   
 
fap3-RNAi/fap3-RNAi   
 
469 
 
198 
 
51 
 
 
 
 
 
569.87 
 
 
 
<0.0001 
 
 
FAP3/ fap3-RNAi   
(WT female; fap3-RNAi male) 
 
FAP3/FAP3 
 
FAP3/ fap3-RNAi  
  
fap3-RNAi/ fap3-RNAi 
   
 
341 
 
169 
 
44 
 
 
 
 
407.13 
 
 
 
<0.0001 
 
 
 
  
87 
 
Supplementary Table 8.  Summary of data collection and refinement statistics for x-ray 
determined structures of A. thaliana CHI-fold proteins. 
 
 AtCHI AtCHIL 
Form A
1
 
AtCHIL 
Form B 
AtFAP1 AtFAP3 
 
PDB entry 3XXX - 3XXX 3XXX 3XXX 
Method for structure solution  MR SAD MR MAD MR 
Search model for MR, or 
phasing atom (number of sites) 
for SAD/MAD 
PDB 1EYQ Se (20) AtCHIL 
Form A 
Pt (4) AtCHIL279 
      
      
Space group  P21 C2221 C2 P212121 P212121 
Unit-cell parameters a (Å) 47.25 125.91 116.00 56.49 51.91 
b (Å) 63.78 228.81 65.87 56.90 52.91 
c (Å) 80.11 122.77 70.24 139.61 95.56 
β (º) 96.70 90 117.15 90 90 
Monomers per asymmetric unit 2 5 2 2 1 
Wavelength (Å)  0.97911 1.00  1.0088 
Resolution range
2
 (Å) 50-1.55  (1.59-
1.55) 
45-2.90 (50.0-
2.90) 
37-1.65 (1.74-
1.65) 
30-1.90 (1.97-
1.90) 
46-1.70 (1.79-
1.70) 
Number of reflections 
measured 
301933 272846 156733 202785? 198736 
Merging R-factor
2
 0.067 (0.440) 0.108 (0.567) 0. 062 (0.451) 0.120 (0.254) 0.045 (0.575) 
Mean (I/  I)2 18.2 (2.8) 12.0 (2.0) 11.8 (2.2) 15.7 (8.5) 20.1 (2.6) 
Completeness
2
 0.961 (0.685) 0.995 (0.983) 0. 881 (0.774) 0.997 (0.994) 0.997 (0.993) 
Redundancy
2
 4.6 (2.1) 6.9 (4.0) 3.1 (2.6) 5.6 (5.4) 6.7 (5.6) 
Number of reflections used 65875 39463 49989 36266 29609 
R-factor
2
 0.187 (0.259) 0.367 () 0.201 (0.301) 0.198 (0.205) 0.210 (0.348) 
Free R-factor
2
 0.228 (0.316) 0.393 () 0.222 (0.335) 0.259 (0.265) 0.224 (0.383) 
Number of amino-acid residues 428 1040 415 403 207 
Number of water molecules 534 0 331 404 187 
Residues with most favorable 
conformation (%) 
93.7  90.7 90.6 91.8 
 
Merging R-factor = hkl i | Ii(hkl) – I(hkl) | / hkl i Ii(hkl) 
MR is molecular replacement; SAD and MAD are single wavelength and multi-wavelength anomalous dispersion, 
respectively. 
1
The crystal structure of AtCHIL, Form A, was determined by SAD at low resolution and not fully refined. The 
partially refined structure was used for the successful MR analysis of AtCHIL, Form B, which was then fully refined 
to 1.65 Å resolution. 
2
Parenthesized values describe the highest resolution shell. 
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Supplementary Table 9. Primers used for T-DNA insertion mutant-line genotyping. LP, left 
genomic primer; RP, right genomic primer; LB- left T-DNA border primer. Two PCR reactions 
were run for the T-DNA insertion lines, with a combination of specific primers LP + RP and LB 
+ RP for each line. LBb1-3 was used for fap1-1 and fap1-3, LB4 for fap1-2; LB2 for fap2-1 and 
fap2-2. Four PCR reactions were run in genotyping the fap3 RNAi lines (Agri 51-56; 51-64; 56-
69; 64-69). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Primer Sequence 
fap1-1 
LP 5’-ATATGGGCTGAATTGGGTTTC-3’ 
RP 5’-TCAATTGAATGGTTCCAAAGC-3’ 
fap1-2 
LP 5’-GTCAGCAATAGCAAAGCCTTG-3’ 
RP 5’-GTGCGTAATGCTTTCCAAGAG-3’ 
fap1-3 
LP 5’-TCGACCAAGGAAGATAAGACG-3’ 
RP 5’-GCTGGAAGATTTGCGTACTTG-3’ 
fap2-1 
LP 5’-TTGTTGAAGGAGAATGCTTCG-3’  
RP 5’-TATTGTTCCCTGCAAATGAGC -3’ 
fap2-2 
LP 5’-GCAGTGATGAAGTGATTCAGG-3’  
RP 5’-ACGTTTGCAGTTGGTGGTAAC-3’ 
Agri 51 5’-CAACCACGTCTTCAAAGCAA-3’ 
Agri 56 5’-CTGGGGTACCGAATTCCTC-3’ 
Agri 64 5’-CTTGCGCTGCAGTTATCATC-3’ 
Agri 69 5’-AGGCGTCTCGCATATCTCAT-3’ 
LBb1-3 (Salk)  5’- ATTTTGCCGATTTCGGAAC-3’ 
LB2 (Sail) 5’-GCTTCCTATTATATCTTCCCAAATTACCAATACA-3’ 
LB4 (Flag)  5’-CGTGTGCCAGGTGCCCACGGAATAGT-3’ 
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ABSTRACT 
Deciphering the function of genes that impact fatty acid metabolism is critical to 
understanding the complex mechanisms of fatty acid and lipid accumulation in plants. The Fatty 
Acid binding Proteins (FAP) genes have been characterized and fap mutants contained altered 
fatty acid composition and content (Ngaki et al., 2012). Polar lipids and fatty acids were 
quantified in seedlings and seeds of wild type and fap single and double mutants using tandem 
ionization mass spectrometry (GC-MS/MS) and gas chromatography mass spectrometry (GC-
MS). Polar lipid profiling uncovers alterations of the levels of multiple lipid classes, as well as 
changes in specific molecular species in comparison to levels of these constituents in wild-type 
controls; in particular MGDG, DGDG, PC, PE, and LPE classes are increased in most fap 
seedlings, whereas PA, PI, LPG, and LPC are altered in fap seeds. These data led us to postulate 
that the alteration in polar lipids might occur at a transcriptional level, i.e. that reducing 
expression of the FAP genes might result in changes in expression of fatty acid and lipid 
metabolism genes. RNA sequencing analysis of seedlings and developing siliques of wild-type 
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and fap single and double mutants shows that 37 genes encoding proteins involved in the 
subsequent steps of fatty acid metabolism, including acyltrasferases, desaturass, and elongases 
exhibit lower levels of expression in all fap mutants. Interestingly, many genes down-regulated 
in fap seedlings are associated with defense and signaling responses, and the majority of genes 
down-regulated in fap siliques encode proteins related to seed and embryo maturation 
(www.arabidospsis.org, www.metnetdb.org; Mentzen and Wurtele, 2008). However, many genes 
up-regulated in fap mutants encode proteins of unknown function that represent about one third 
of the Arabidopsis genome.   
 
INTRODUCTION 
Over the last two decades, plant lipids and their component fatty acids have been 
intensively investigated. These studies revealed critical roles in plant cells as membrane 
constituents, energy storage, signaling and stress response.  Further, lipids, as vegetable oil are 
widely used in the human nutrition as a dietary provider of calories, and lipids/polyketides are 
likely the most promising major future source of biorenewable chemicals for industry and 
biofuels (Nikolau et al., 2008). Fatty acids are biosynthesized de novo in plastids. The 
consecutive reactions of carboxylation, condensation, and reduction are driven by a relatively 
well-understood enzyme machinery and by protein complexes similar to those used in most 
prokaryotic fatty acid synthesis in many prokaryotes. These include acetyl-CoA carboxylase, 
which initially carboxylates acetyl-CoA (Zeiher and Randall, 1991; Choi et al., 1995; Ke et al., 
2000; Nikolau et al., 2003; White et al., 2005; Li et al., 2010), and fatty acid synthase complex, 
which is responsible for the succeeding condensation reactions, resulting in acyl chains, typically 
of 16 and 18 carbons (Mou et al., 2000; Heldt, 2005; Maier et al., 2008).  
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Then, in a complex divergence of fates, the newly biosynthesized fatty acids may be 
retained in the plastid and utilized by the plastidic prokaryotic-type lipid pathway, and inserted 
into glycerolipids including phosphatidylglycerol (PG), and galactolipids 
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and 
sulfoquinovosyldiacylglycerol (SQDG) (Heldt, 2005; Larsson, 2007). Alternately, the free fatty 
acids may become activated as CoA thioesters and shuttled into the cytosol, where they are used 
by a pathway similar to that in mamals (eukaryotic pathway) to build phospholipids, such as 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and 
phosphatidylserine (PS). Fatty acyl-CoAs can also be subjected to extended elongation (Lee, 
1998; Sperling et al., 2000; Carlsson et al., 2004; Fatland et al., 2005; Guy et al., 2006; Guy et 
al., 2007; Whittle et al., 2008) and desaturation (Kohlwein, 2001; Roscoe, 2001; Paul et al., 
2007), giving rise to various lipid molecular species which bear different combinations of fatty 
acid moieties (Devaiah et al., 2006; Wang et al., 2006). Other polar lipids include phosphatidic 
acid (PA), the simplest and the starting material of other phospholipids, synthesized in both 
plastids and cytoplasm (Kooijman and Testerink, 2010), and lysophospholipids, such as 
lysophosphatidylethanolamine (LPE), lysophosphatidylcholine (LPC), and 
lysophosphatidylglycerol (LPG), generated from simpler phospholipids (Lee et al., 1997; 
Mongrand et al., 2000; Li et al., 2006).  The most predominant fatty acids in membrane lipids 
are palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids. 
The mechanisms that maintain fatty acid and lipid homeostasis in plants are still being explored. 
Analysis of lipid/fatty acid composition and content of wild-type and mutant plants, 
combined with bioinformatics and biochemical approaches, has led to the functional 
understanding of genes implicated in lipid biosynthesis and regulation (Wallis and Browse, 
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2002; Welti et al., 2003; Wenk, 2005; Moon and Nikolau, 2009; Horn and Chapman, 2012; 
Ngaki et al., 2012). The FAP (Fatty Acid Binding Proteins, FAP1, FAP2, and FAP3) genes of 
Arabipopsis have been characterized as potential regulators of fatty acid content and composition 
(Ngaki et al., 2012). FAP proteins are plastid-localized non-catalytic members of the CHI-fold 
family. CHI (chalcone isomerase) stereospecifically cyclizes chalcones into flavanones (Bednar 
and Hadcock, 1988; Jez et al., 2000; Winkel-Shirley, 2001). Ngaki et al. (2012) demonstrated 
that FAP1 and FAP3 proteins lack a CHI catalytic site, but instead this region of amino acids 
forms a pocket that binds medium and long chain fatty acid molecules in vitro, and in vivo when 
the genes are expressed in E. coli. Moreover, fatty acid composition is altered and fatty acid 
content is increased in leaves and seeds of fap single and double mutant plants (Ngaki et al., 
2012).  
How FAP proteins contribute to the observed changes of fatty acid composition and 
content remains a mystery. We postulate that not only is the fatty acid composition and content 
altered in the seedlings and seeds of fap mutants, but also that lipid content and the expression of 
genes involved in lipid metabolism is perturbed in these mutants. To address the mechanism by 
which FAP proteins modulate fatty acid metabolism, we combine two approaches. First, we seek 
to correlate the aberrant fatty acid phenotype of fap mutants to their polar lipid composition and 
content. To do this, we compare the quantity of polar lipid head groups and molecular species, 
and of fatty acid between WT (Col-0) and fap single, and fap double mutants. Then, we use RNA 
sequencing and pairwise comparative transcriptomics to uncover genes and pathways 
differentially expressed due to the loss-of-function of FAP1 and FAP2, and the down-regulation 
of FAP3. Our data reveal marked alterations in the composition of polar lipids in seedlings and 
seeds of fap mutants.  In addition, our RNA sequencing analysis shows that several transcripts of 
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genes encoding enzymes in the subsequent steps of fatty acid metabolism are down-regulated in 
the seedlings and siliques of fap mutants as compared to wild-type. 
 
RESULTS  
Fatty acid composition and content are altered in fap seedlings and seeds. 
To investigate whether the profile of lipid components in fap mutants might result in 
alterations of fatty acid composition, fatty acid analysis was carried out on plant materials, 
seedlings and seeds (Figures 1A-D), harvested from the same batches used for the polar lipid 
analysis. The extraction method was a barium hydroxide hydrolysis, followed by gas 
chromatography mass spectrometry (GC-MS). fap seedlings and seeds exhibit changes that 
mostly tended toward elevated amounts of fatty acids relative to the WT control (Figure 2).   
 
Because the FAP genes (FAP1, FAP2, and FAP3) are highly expressed in young 
seedlings as determined by the GUS reporter gene assay (Ngaki et al., 2012), the fatty acid 
composition and content was evaluated in 5-day-old seedlings. Our analysis uncovers significant 
alterations in fap seedlings (Figure 2A). In 5 day fap1 seedlings, the abundance of C16:0, C16:1, 
C18:1, C18:2, and C18:3 is increased by more than 35%, implying increased abundance of total 
fatty acid as compared to WT. The pattern of fatty acids in fap double mutants is similar to that 
of fap1, including elevated abundance of C16:0, C16:1, C18:2, C18:3, and total fatty acid in 
fap1/fap2, C16:0, C16:1, C16:3, C18:0, and C18:2 in fap1/fap3, and C16:0, C18:2, C18:3, and 
total fatty acid in fap2/fap3. Conversely, fap2 and fap3 seedlings are only slightly affected. The 
seedlings of fap2 show small but significantly elevated amounts of C18:2, while fap3 seedlings 
displays decreased amounts of C16:0 and C18:1. These observations further confirm the 
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involvement of FAP1, FAP2, FAP3 genes in the regulation of fatty acid and lipid accumulation 
in Arabidopsis seedlings.  
 
In 18-day-old seedlings, the mutants present almost the same alterations in fatty acid 
composition and content as described in Ngaki et al. (2012). In particular, the amounts of C18:3, 
which is the most conspicuous fatty acid in Arabidopsis leaves, and preferably bound by the 
FAP1 protein (Ngaki et al., 2012), is 25% higher in fap1 than in WT seedlings. Consequently, 
the total abundance of fatty acid is elevated by 15% in fap1 seedlings relative to WT (Figure 2B). 
The seedlings of fap2 show higher levels of C16:0, and fap3 contain higher amounts of C16:3 
than WT. Surprisingly, the double mutants are less affected as compared to the single mutants.   
   
Fatty acid profile of dried mature seeds similarly show consistent alterations in fatty acid 
composition and content of fap single and double mutants (Figure 2C). The double mutant 
fap1/fap2 is the most affected, bearing 25 to 65% elevated amounts of C16:0, C16:1, C18:1, 
C18:2, C18:3, C20:1 species and 30% increased amount of the total fatty acid relative to WT. 
Likewise, fap1 seeds display up to 40% increased levels of C16:0, C18:0, C18:1, C20:0, C20:1, 
and total fatty acid. Moreover, fap3 seeds have higher amounts of C16:0, C18:3, C20:0, C20:1, 
and total fatty acid than WT (10 to 20% higher), fap1/fap3 double mutants show significant 
reduced amounts of C18:2 and C20:2 accompanied by increased levels of C16:0, C18:0, C18:1, 
C18:3, C20:0 and total fatty acid relative to the abundance in WT seeds, and fap2/fap3 seeds 
contain a drastic elevated amount of C18:2 similar to that of fap1/fap2 (more than 30%), and 
paralleled with higher levels of C16:0, C18:0, C20:0 and total fatty acid than in WT seeds. By 
contrast, no significant changes are found in fatty acid composition of fap2 seeds. Thus, the fatty 
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acid species altered in fap mutants, specifically C18:2, C18:3, and C20:1, constitute the major 
fraction of the fatty acids in plants.  
These results are in agreement the previous fatty acid analysis (Ngaki et al., 2012), and 
provide more evidence inferring the fatty acid alterations in fap mutants to the mutations of FAP 
genes. Also these data support the possible regulation of fatty acid accumulation by functional 
FAP1, FAP2, and FAP3 proteins.  
  
Polar lipid profiles are altered and the levels of particular classes are elevated in fap single 
and double mutant seedlings. 
To determine the relationship between the altered fatty acid constituents of the fap 
mutants and their polar lipid composition and content, WT, fap single (fap1, fap2, fap3), and 
double (fap1/fap2, fap1/fap3, fap2/fap3) mutants were grown in randomized design at constant 
temperature under continuous illumination. Lipids were extracted from 18-day old seedlings of 
each of six biological replicates per genotype (1 plant per replicate) and analyzed by electrospray 
ionization tandem mass spectrometry (ESI-MS/MS) (Welti et al., 2003). Subsequently, the 
concentrations of individual molecular species within the more abundant classes of polar lipids, 
i.e., MGDG, DGDG, PC, PE, PG, PI (Welti and Wang, 2004; Wang et al., 2006), and the less 
abundant classes of polar lipids, i.e., PS, PA, LPE, LPC, LPG (Devaiah et al., 2006; Wang et al., 
2006) were determined.   
These data indicate a general trend of higher amounts of the more abundant classes of 
polar lipids in the fap mutants as compared to the WT control (Figure 3A).  Interestingly, the 
absolute amount of plastidic polar lipid classes (MGDG, DDG, ad PG) is more than 10%  higher 
in fap1, fap2, and fap3 than in WT; and the extraplastidic lipid classes (PC, PE, PI, PS, LPC, and 
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LPE) are 10 to 20% elevated in fap3, fap1/fap3, and fap1/fap2 as compared to WT. As a 
consequence, the overall absolute amount of polar lipid is approximately 15% greater in  fap2, 
fap3, and fap1/fap3 seedlings than in WT seedlings (Figure 3C).  
In particular, the absolute amount of MGDG, the most abundant lipid class of  
photosynthetic organs and in plastids (Gounaris and Barber, 1983; Buchanan et al., 2000; 
Dörmann and Benning, 2002), is increased by 15 to 20 % in fap1, fap2, and fap3 seedlings as 
compared to the amount in WT seedlings. DGDG, the second-most abundant polar lipid in 
plastids (Dörmann and Benning, 2002), is elevated by about 18% in fap1, fap2, and fap3 as 
compared to WT (Figure 3A). The level of PC, the second  most abundant class of polar lipids in 
photosynthetic organs (Buchanan et al., 2000; Wada and Murata, 2009), is increased by between 
16 and 30% in fap2, fap3, and fap1/fap3 seedlings relative to WT levels (Figure 3A). The 
absolute amounts of PE are significantly elevated by more than 10% in fap1, fap3, fap1/fap3, and 
fap2/fap3 as compared to WT seedlings (Figure 3A). These observations suggest that FAP1, 
FAP3, and FAP3 proteins affect the polar lipid composition.  
The concentrations of less abundant classes of polar lipids is also altered in fap seedlings 
(Figure 3B). The concentration of LPE, for instance, is up to 90% greater in fap mutants than in 
WT seedlings, while LPC presents increased absolute amounts of more than 20% in fap3, 
fap1/fap3, and fap2/fap3, and LPG is higher in fap1 and fap3 than in WT. Contrastingly, the 
absolute amount of PS is markedly reduced (by up to 40 %) in fap1/fap3, and fap2/fap3 (Figure 
3B). In all fap mutants, PI and PA levels are statistically similar to that of WT.  
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The concentrations of polar lipid species are altered in fap single and double seedlings.  
To further focus on the effect of the fap mutations on polar lipid composition, we 
analyzed the concentration of polar lipid molecular species within each lipid class. In fap1 
seedlings (Figure S6A), the concentrations of polar lipid species containing both unsaturated and 
more saturated fatty acyl moieties are altered.  The absolute amounts of eight species of MGDG 
(34:1, 34:2, 34:3, 34:4, 34:6, 36:3, 36:4, 36:5) are 20 to 30 % higher in fap1 seedlings than in 
WT (Figure 4C-D); conversely, MGDG 38:5 is lowered by about 30%. Seven DGDG species 
(34:1, 34:2, 34:3, 36:3, 36:4, 36:5, 36:6) are increased by approximately 30%. Seven PC species 
(32:0, 34:1, 34:2, 34:3, 36:2, 36:3, 36:4) are increased by 20 to 30% (Figure 5A-B), reflecting 
the increased concentration of total PC in fap1 mutants (Figure 3A). Likewise, the level of 
twelve PE species (32:1, 32:2, 34:2, 34:3, 36:1, 36:2, 36:3, 36:4, 36:5, 38:4, 36:6, 40:2) is 
elevated by more than 20% (Figure 5C-D), LPE (16:0, 18:2) are elevated by 20 to 50 % (Figure 
6A).  
fap2 seedlings show increased absolute amounts (by more than 15%) of nine species of 
MGDG (34:1, 34:2, 34:3, 34:4, 34:5, 34:6, 36:4, 36:5, 36:6) (Figure 4C-D), seven species of 
DGDG (34:1, 34:2, 34:3, 36:3, 36:4, 36:5, 36:6) (Figure 4A-B), three species of PC (32:0, 34:2, 
34:3, 36:4) (Figure 5A-B), ten species of PE (32:1, 32:2, 34:2, 36:1, 36:2, 36:3, 36:4, 36:5, 38:4, 
38:5) (Figure 5C-D), and two LPE species (16:0, 18:2) (Figure 6A) as compared to WT.  
       
In fap3 seedlings (Figure S6B), the lipid species containing polyunsaturated acyl species, 
including five MGDG species (34:5, 34:6, 36:4, 36:5, 36:6) and four DGDG species (34:3, 36:3, 
36:5, 36:6), are elevated by 15 to 30 % as compared to WT (Figure 4A-D). Moreover, levels of 
PG and LPG species change in fap3 seedlings, which display increases in six PG species (32:0, 
32:1, 34:0, 34:2, 34:3, 34:4) (Figure 6D), and LPG (16:0, 18:3) the double of the amont in WT 
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(Figure 6C). Consequently, fap3 seedlings show significant increase of total PG and LPG (Figure 
3A-B). Further, five PC species (32:0, 34:2, 34:3, 36:5, 36:6) and fourteen PE species (34:2, 
34:3, 36:1, 36:2, 36:4, 36:5, 36:6, 38:3, 38:4, 38:5, 38:6, 40:2, 42:3, 42:4) are increased by more 
that 15% (Figure 5A-D), and lysophospholipids LPC (18:1), LPE (16:0, 18:2, 18:3) are elevated 
up to more than double the amount in WT, while LPC (16:1) is decreased by about 40% (Figure 
6A-B).  
The double mutants also exhibit significant changes in the concentration of many lipid 
species incuding unsaturated and saturated fatty acyl combinations as compared to WT. For 
example, fap1/fap3, the mutant most affected with regard to lipid phenotype (Figure S6C), shows 
increased absolute amounts of almost all detected PCs (17 species) and PEs (22 species), 
including PC (32:0, 34:1, 34:2, 34:3, 36:1, 36:2, 36:3, 36:4, 36:5, 36:6, 38:2, 38:3, 38:4, 38:5, 
38:6, 40:3, 40:4) and PE (32:1, 32:2, 32:3, 34:1, 34:2, 34:3, 34:4, 36:1, 36:2, 36:3, 36:4, 36:5, 
36:6, 38:3, 38:4, 38:5, 38;6, 40:2, 40:3, 40:4) (Figure 5A-D). In addition, MGDG (36:5) and 
three DGDG (34:3, 36:3, 36:4) are increased by about 15%, LPE (16:1, 18:2, 18:3) are increased 
to more than double the value in WT (Figure 4A-D, 6A). By contrast, the species MGDG (36:5, 
38:6) and DGDG (36:5, 38:6) which include a combination of more unsaturated fatty acyl 
moieties, are reduced by more than 30%. While the PS lipid species do not significantly change 
in any fap single mutant as compared to WT, the absolute amounts of PS species decline in 
double mutants. The seedlings of fap1/fap3 and fap2/fap3, for example, contain significant 
decreased absolute amounts of PS (34:2, 34:3, 36:2, 36:3, 38:2, 38:3, 40:2, 40:3, 42:2, 42:3, 
42:4) (Figure 6E).  
PC (32:0), which mostly consists of two chains of palmitic acid (C16:0) (Maata et al., 
2012), is increased in all fap single and double mutants (up to double the value in WT) (Figure 
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5B, S2B), and the absolute amounts of LPE 16:0 and C18:2 are substantially higher in almost all 
fap mutants than in WT (Figure 6A).  
Therefore changes in absolute amounts of the polar lipid molecular species are induced 
by the mutations of FAP genes. These findings also indicate that FAP3 protein may particularly 
regulate PG and LPG accumulation in seedlings. 
 
Polar lipid profiles are altered in fap single and double mutant seeds. 
Although seeds are primarly composed of tryacyllycerols, the altered fatty acid 
composition and content in fap single and double mutants seeds (Ngaki et al., 2012) could partly 
result from changes in seed polar lipid composition. To investigate this possibility, polar lipids 
were extracted from dried mature seeds of WT and fap single and double mutants, analyzed by 
ESI-MS/MS (Schrick et al., 2002) and quantified.  
The absolute amounts of particular lipid classes are changed in fap seeds as compared to 
WT seeds (Figure 7A-C). In particular, the concentration of PI, the second most abundant class 
of polar lipid in seeds, is about 30% higher in fap1, fap3, and fap1/fap3 than in WT. DGDG 
levels are increased by 30 % in fap1 compared to WT. PA levels are increased by more than 50 
% in fap1, fap3, fap1/fap2, fap1/fap3, fap2/fap3. LPC is markedly elevated in fap1, fap2, fap3, 
fap1/fap2, fap1/fap3, and fap2/fap3. By contrast, PG levels are reduced in fap2, fap1/fap3, and 
fap2/fap3, and LPG levels are decreased by about half in fap1, fap2, fap1/fap2, and fap2/fap3. 
The total amount of polar lipids (Figure 7C) is greater by 25% in fap1 than in WT seeds. Hence, 
changes in the absolute amounts of polar lipids in fap seeds are induced by the mutation of FAP 
genes. 
 
100 
 
Particular polar lipid molecular species are changed in seeds of fap mutants. 
While mutations of FAP1, FAP2, and FAP3 genes have little effect on the absolute 
amounts of PE, MGDG, DGDG, and PG molecular species in seeds, PIs, PCs, and LPGs are 
altered (Figure 8, 9, S4A). In fap1 seeds, eleven species of PI (32:0, 32:1, 32:2, 32:3, 34:1, 34:2, 
34:3, 36:2, 36:3, 36:4, 36:5) (Figure 8B), and three species of PC (32:0, 34:2, 34:3, 38:3) (Figure 
S4A) are increased, whereas LPGs (16:0, 16:1, 18:1) are significantly decreased (Figure 9C). 
fap3 seeds display increases of five PIs (32:1, 32:2, 32:3, 34:2, 34:3) and four PAs (34:2, 34:4, 
36:3, 36:4) (Figure 8A, B). The double mutants (fap1/fap2, fap1/fap3, and fap2/fap3) are 
similarly affected (Figure 8). The mol % of most abundant polar lipid species in seeds, PC 
(36:4), which accounts for approximately 21% of polar lipids in seeds, and PC (36:5) 
representing almost 12%, are reduced in fap1, fap3, fap1/fap2, fap1/fap3 and fap2/fap3 as 
compared to WT (Figure S4B). 
 
Briefly, fap seeds are most altered by increases in the absolute amounts of most PIs, and 
particular PCs, PAs, and decrease amounts of LPGs.   
 
 Transcriptomes are altered in fap seedlings and siliques. 
To evaluate in more details whether the altered lipid and fatty acid profiles of the fap 
mutants result from changes in their transcriptomes, as well as to determine how the transcripts 
of known fatty acid biosynthesis genes are affected, we used the RNA sequencing approach. 
Two replicates were included per genotype at each developmental stage. Total RNA was 
extracted using a TRizol method (Invitrogen) for 5 and 18-day old seedlings and the Spectrum 
plant RNA kit (Sigma STRN50) for green siliques. RNA samples were purified with RNeasy 
mini spin columns (Quiagen, Valencia, CA USA). Transcriptomes were sequenced on Illumina 
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HiSeq2000 using V3 Reagent. The count reads were generated with HTseq-count (Trapnell et 
al., 2009). The statistical analysis was performed using the Bioconductor R package edgeR 
(Robinson et al., 2010). We considered a cutoff value of 0.05 for the false discovery rate (FDR). 
The lists of differentially expressed genes were submitted to AtGeneSearch (metnetdb.org) to 
obtain the current annotation from the database. The pathways information was accessed through 
the Metnet online site (metnetonline.org).  
 
Our data reveal alterations in fap mutants as compared to WT, especially in the green 
siliques (Table 1). From the 27,416 genes of Arabidopsis, an average of 14,520 genes were 
expressed in 5-day-old seedlings of WT and fap mutants, 14,700 genes in 18-day old seedlings, 
and 16,300 genes in 8 day-old siliques. In 5 day-old seedlings, 3 genes were differentially 
expressed in fap1, fap1/fap2, and fap2/fap3, 34 genes in fap2, 101 genes in fap3, and 616 genes 
in fap1/fap3 as compared to WT. In 18-day-old seedlings, 20 genes were differentially expressed 
in fap1, 204 genes in fap2, 307 genes in fap3, 235 genes in fap1/fap2, 1162 genes in fap1/fap3, 
and 324 genes in fap2/fap3 as compared to WT. The siliques at 8 days after flowering are the site 
of the active accumulation of fatty acids in developing embryos and of the highest expression of 
FAP genes (Ngaki et al., 2012). The data show the highest number of altered transcripts in 
developing siliques of fap mutants. In fap1 siliques, 1167 genes were differentially expressed as 
compared to WT, 1021 genes in fap2, 2902 genes in fap3, 1364 genes in fap1/fap2, 3294 genes  
in fap1/fap3, and 3993 genes in fap2/fap3. Interestingly, the number of transcripts accumulated 
to lower levels in the fap mutants was higher than the up-accumulated transcripts. Moreover, 
some genes are differentially expressed in all 3 developmental stages of the same mutant 
genotype as compared to wild type (Figure S7).  
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Finally, Table 2 shows that FAP1, FAP2, and FAP3 genes are interconnected. The 
transcript of FAP1 is down-accumulated in fap1 null plants, fap1/fap2, and fap1/fap3 at all 
developmental stages, while FAP2 and FAP3 genes are down-regulated in all fap seedlings. In 
the siliques, FAP2 gene is down-regulated in fap2, fap1/fap2, and fap2/fap3, whereas the 
transcript of FAP3 accumulates at lower levels in fap3, fap1/fap3, and fap2/fap3 as compared to 
the level in WT. These results demonstrate that FAP genes are required for the normal 
expression of many Arabidopsis genes in seedlings and siliques.  
 
Genes encoding enzymes in the subsequent steps of lipid/fatty acid metabolism are mostly 
down-regulated in the fap mutants. 
 To test the hypothesis that FAP proteins are implicated in the regulation of fatty acid 
biosynthesis in seedlings and seeds of Arabidopsis, we analyzed the genes differentially 
expressed between WT and fap mutants.  
 
Our analysis shows that the expression of genes encoding enzymes that drive the initial 
steps of de novo synthesis of fatty acids is not changed by the FAP mutations. Notably, the 
transcripts encoding the acetyl-CoA carboxylase and fatty acid synthase enzymes are intact in 
fap mutants.  
 
 Instead, the transcripts of genes encoding enzymes involved in the subsequent steps of 
fatty acid metabolism, including desaturation, elongation, transfer of acyl groups, and fatty acid 
modifications, are mostly down-accumulated in fap mutants as compared to WT, in the seedlings 
as well as in the siliques (Table 3, 4). Eight transcripts of genes encoding plastidic fatty acid 
metabolism enzymes have a lower accumulation in fap mutants. Transcripts of genes encoding 
acyl carrier proteins (ACP1, ACP5, AT3G05020, AT5G27200), stearoyl-acyl-carrier-protein 
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desaturases (C18:0-ACP desaturase or FAB2, AT5G16230, AT3G02610, AT1G438000), fatty 
acid desatusases (FAD5, FAD7, AT3G11170, AT3G15850), and diphosphoinositol polyphosphate 
phosphohydrolase (AT1G73540), have lower levels of accumulation in most fap mutants than in 
WT (Table 3). 
 
 Twenty nine fatty acid metabolism genes exhibit lower expression in fap mutants than in 
WT (Table 4). These down-accumulated transcripts encode cytosolic proteins (AtGeneSearch, 
metnetdb.org) including the acylglycerol-3-phosphate acyltransferases (AT1G02390, 
AT4G01950), lysophosphatidyl acyltransferase (AT1G75020), fatty acid elongases (AT4G34520, 
AT4G34250, AT2G28630, AT5G43760, AT1G01120, AT1G04220, AT1G25450), fatty acid 
desaturases (AT3G61580, AT3G02590), and fatty acid hydrolases (AT5G08460, AT2G34770). In 
addition, thirteen transcripts of genes encoding lipid metabolism/degradation enzymes are also 
down-accumulated in fap mutants. For instance, transcripts encoding the lysophospholipase 
(AT5G14980), triacylglycerol lipases (AT5G24210, AT2G42930), phospholipases (AT4G29780, 
AT2G26560, AT4G38560, AT4G11850), myo-inositol polyphosphate 5-phosphatase 
(AT4G18010), phosphatidylinositol phosphatase (AT5G64000), phosphatidylinositol-4 
phosphate 5- kinase (AT1G01470), phosphatidic acid phosphatase (AT3G58490), 
phosphatidylethanolamine-binding protein (AT5G01300), and lipid transfer protein 2 
(AT2G38530) are lowered in fap mutants as compared to WT.  
 
 Eight transcripts encoding fatty acid metabolism enzymes accumulate to higher levels in 
particular fap mutants (Table 5), including the fatty acid desaturase A (AT4G27030) in fap2/fap3, 
glycerol-3-phosphate acyltransferase 3 and 5 (AT4G01950, AT3G11430) in fap1 and fap2, fatty 
acid reductase 1 (AT5G22500) in fap1, fatty acid hydroxylase (AT1G02190) in fap1 and fap2, 
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elongase 3-ketoacyl-CoA synthase 17 (AT4G34510) in fap2, palmitoyl-protein thioesterase 
(AT5G47330) in fap1, and lysophosphatidyl acyltransferase 5 (AT3G18850) in fap2 and 
fap1/fap2. Hence the FAP mutations alter the expression of genes encoding enzymes that 
catalyze different reactions of fatty acid and lipid metabolism. 
  
Many transcripts down-accumulated in fap mutants are associated with defense and 
signaling responses. 
 Several transcripts accumulating at lower levels in fap mutants encode proteins involved 
in different stress and signaling responses (AtGeneSearch, www.metnetdb.org). The genes 
encoding these proteins are members of regulons 9, 10, 23, 24, 25, 30, 31, 35, 46, 60, 67, which 
are implicated in defense and signaling (Mentzen and Wurtele, 2008). Table 6 is an illustration in 
two genotypes and two developmental stages.  
 
In 5 day-old seedlings of fap1/fap3 which show the most dramatic alterations among all 
fap mutants at this stage of plant development, 491 transcripts were down-accumulated as 
compared to WT (Table 6). Among these transcripts, 59% encode proteins involved in defense 
and signaling mechanisms, including responses to fungus, pathogens, bacterium, water 
deprivation, heat, freezing, wounding, light stimulus, oxidative stress, hypoxia, ozone, nitrate, 
different ions, misfolded protein, chitin, salt stress, sucrose starvation, jasmonic acid mediated 
signaling, abscisic acid, salicylic acid, and ethylene signaling. 23% of the transcripts belong to 
genes encoding proteins driving other metabolic processes including the regulation of growth, 
carbohydrate metabolism, and photosynthesis. The same trend is seen in the transcripts down-
accumulated in 18 day-old seedlings of fap1/fap2 (Table 6) and all fap mutants.  
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Table 7 shows the twenty most down-regulated genes (fold change ≥ 25) in fap1/fap3 
seedlings. 80% of these twenty genes are involved in defense and signaling responses 
(AtGeneSearch, www.metnetdb.org).  
 
Transcripts of genes encoding seed and embryo maturation proteins are down-
accumulated in fap siliques. 
 It is interesting that transcripts of genes encoding proteins implicated in seed and embryo 
maturation display lower levels in fap siliques than in WT at 8 days after flowering. The double 
mutants fap2/fap3 exhibit the most intriguing reduction of the expression of these genes (Table 
8). Fourteen of the fifteen genes that have the lowest levels of expression in fap2/fap3 (fold 
change ≥ 92) as compared to WT encode proteins associated with seed and embryo maturation 
(regulon 6; Mentzen and Wurtele, 2008). These proteins include four seed storage albumins 
(AT4G27140, AT427150, AT4G27160, AT427170) implicated in the pollen development, 
embryo and seed maturation, lipid storage and transport; three cruciferins (AT1G62225, 
AT1G03880, AT4G28520) which are involved in embryo development, embryo and seed 
maturation, regulation of flower development, lipid storage; a lipid transport protein 
(At1G14950) involved in the embryo maturation; a seed biotin protein (AT2G42560) which is 
associated with embryo development ending in dormancy; a glycine-rich protein (AT2G05580) 
regulating the embryo development; and three late embryogenesis abundant proteins 
(AT5G44120, AT5G44310, AT2G21490) which are involved in the embryo development and 
maturation. This pattern is observed in all fap siliques. These findings might explain the fact that 
FAP proteins are highly expressed in developing embryos, and the presence of aborted ovules in 
fap1 and fap3 mutants (Ngaki et al., 2012).  
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Many genes up-regulated in fap seedlings and siliques encode proteins of unknown 
functions. 
 Tables 9 and 10 show the genes that have the highest expression in fap1/fap3 seedlings 
and siliques respectively as compared to WT (fold change ranging from 5 to 3625). In 5 and 18 
day-old seedlings (Table 9), eight transcripts out of twenty (40%) represent genes encoding 
proteins of unknown functions (AT4G19240, AT3G60950, AT2G05915, AT2G04170, 
AT1G50290, AT3G21080, and AT1G56660). In addition, some transcripts are highly 
accumulated in both 5 and 18 day-old seedlings of fap mutants. For example, the transcript of the 
gene (AT4G19240) encoding a protein of unknown function is up in 5 and 18 day-old fap1/fap3 
seedlings with a fold change of 3651 and 3131 respectively. Transcripts of two other genes 
(AT3G60950, AT2G05915) encoding proteins of unknown functions are similarly affected. 
Transcripts of  genes encoding a terpene synthase (AT4G16730) which has a lyase activity, a 
disease resistance protein (AT4g16920), the cytochrome P450 (AT3G20130) involved in 
oxidation-reduction and brassinosteroid processes, and the iaa-leucine resistance 2 (AT3G18485) 
implicated in lateral root morphogenesis, have higher levels of accumulation in both 5 and 18-
day-old seedlings of fap1/fap3 than in WT.  
 
 Further, some transcripts up-accumulated in the seedlings are also up in the siliques of 
fap1/fap3 (Table 10). These transcripts belong to three genes (AT3G60950, AT1G50290, 
AT2G05915) encoding proteins of unknown functions, and the cytochrome P450 
(AT3G020130). Five transcripts of genes (AT4G19240, AT1G12672, AT2G11271, At2G04622, 
AT2G24693) encoding proteins of unknown functions, as well as genes encoding a citrate 
synthase-related (AT2G11270), the chloroplastic hydroperoxide lyase 1 (AT4G15440), and a 
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dehydrodolichyl diphosphate synthase (AT2G23400) show higher levels in fap1/fap3 siliques 
than in WT.  
 
 Most fap mutants have this pattern of expression regarding the transcripts that are up-
accumulated in the mutants as compared to WT. 
 
DISCUSSION 
fap mutants bear altered lipid and fatty acid profiles. 
FAP proteins are non-catalytic enzymes carrying pockets that bind specific fatty acid 
molecules; in addition, the fatty acid content and composition of seedlings and seeds of fap1 and 
fap2 mutants is altered relative to wild-type controls. These findings provide insight on the 
evolutionary origin of chalcone isomerase, and reveal a new family of proteins, FAP1, FAP2, 
and FAP3, that appear to modulate fatty acid metabolism (Ngaki et al., 2012).                                      
Our results reveal an altered polar lipid composition and enhanced levels of most 
abundant classes of polar lipid in fap seedlings. Interestingly, both plastidic and extra-plastidic 
lipid composition are impacted. These abundant classes of polar lipids are key constituents of 
membrane lipid bilayers of plant cells. FAP proteins could play a role in maintaining an 
appropriate balance of plastidic and extra-plastidic polar lipids, and contribute to the normal 
architecture of cell membranes in plants.  
The morphological phenotypes of the fap single mutants and double mutants are near 
normal, with the exceptions that fap3 mutants exhibit reduced overall plant height, increased 
axillary branching, and earlier flowering, and siliques of homozygous fap1 and fap3 mutants 
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contain about 30% aborted ovules as compared to wild-type (Ngaki et al., 2012).  The aborted 
ovule phenotype of the fap1 and fap3 mutants (Ngaki et al., 2012) could result in part from 
abnormal profiles of polar lipids. Moreover, fap3 and fap1/fap3 seedlings present altered levels 
of PG, in addition to the reduced size of the plant and the accentuated aborted seed phenotype 
(Ngaki et al., 2012). The mutants of ACP glycerol-3-phosphate acyltransferase genes (ATS), 
particularly ats1 (ATS1, AT1G32200) and ats2 mutants (ATS2, At4g30580), share similar 
growth, reproductive, and lipid aberrations (Yu et al., 2004; Xu et al., 2006). It is likely that the 
expression of FAP genes affect that of ACP glycerol-3-phosphate acyltransferase genes.  
PS, LPE, LPC, and LPG minor polar lipid classes are altered in most fap seedlings, 
whereas PI, PA, PG, LPE, LPC, and LPG polar lipid classes are altered in fap seeds. Even 
though these less abundant polar lipids exist in a very small quantity in plant biomembranes, they 
serve important roles especially in signal transduction (Wang, 2004; Frasch and Bratton, 2012). 
The amounts of these trace compounds are modified in stressed plants, under freezing, dark, and 
invasion by pathogens (Munnik, 2001; Wang, 2004, Maata et al., 2012). PA is a regulator of 
phospholipases and signaling proteins (Wang, 2005; Devaiah et al., 2006; Maata et al., 2012).  
PI (PI derivatives), PS, and lysophospholipids modulate the function of signaling proteins 
(Vance and Steenbergen, 2005; Ischebeck et al., 2010; Lee et al., 2010; Szumlanski and Nelson, 
2010). It is possible that fap mutants might possess a defective cell signaling and defense system. 
Moreover, PA molecular species are biosynthetic precursors of other plastidic and extra-plastidic 
polar lipids molecular species. This could justify the low concentration of PAs in plant tissues, 
and partly explain the changes observed in the concentration of different plastidic and non-
plastidic polar lipids.  
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Finally, most fap mutants have alterations of polar lipids species harboring a combination 
of saturated and unsaturated (from C16 to C22). Similarly, saturated and unsaturated fatty acids, 
ranging from C16 to C22 are mostly enhanced in fap seedlings and seeds. This probably shows a 
connection between the alterations of fatty acid and lipid profiles of fap mutants. These data, 
together with the previous data (Ngaki et al., 2012) reveal that FAP1, FAP2, and FAP3 proteins 
contribute to the accumulation of polar lipid molecular species in Arabidopsis seedlings and 
seeds.  
Transcriptional changes in fap mutants affect enzymes in the subsequent steps of fatty acid 
metabolism, but those in the initial steps. 
Transcriptome comparison between wild-type and fap single and double mutants shows 
that genes encoding enzymes in the subsequent steps of lipid/fatty acid metabolism are mostly 
down-regulated, but those encoding enzymes driving the initial steps of fatty acid biosynthesis. 
Probably, FAP proteins might play an important role after the formation of the primary products 
of de novo fatty acid biosynthesis (C16:0 and C18:0). Because of their fatty acid binding ability 
and their location into plastids (Ngaki et al., 2012), FAP proteins might be transferring these 
newly synthesized acyl groups to acyl carrier proteins and other enzymes in the fatty acid 
metabolism pathways inside the plastids (Figure 10). Consequently, the expression of many 
genes encoding plastidic and cytoplasmic proteins driving different steps of fatty acid 
metabolism downstream of the proposed site where FAPs might be acting is altered in fap 
mutants (Figure 10).  
 
For instance, the transcripts of genes (AT5G16230, AT3G02610, AT1G43800) encoding 
stearoyl-acyl carrier protein-desaturases (FAB2; Mekhedov et al., 2000; Kachroo et al., 2007) 
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for desaturation of C18:0 to C18:1, the gene (At3g15850) encoding a fatty acid desaturase 5 
(FAD5; Mekhedov et al., 2000; Heilmann et al., 2004) responsible for the synthesis of C16:1 
from MGDG and DGDG, the gene (AT3G11170) which encodes a fatty acid desaturase 7 
(FAD7; Iba et al., 1993; Mekhedov et al., 2000) that acts on the synthesis of C16:3 and C18:3 
from MGDG, DGDG, and PG, are down-accumulated in fap mutants as compared to WT.  
Similarly, transcripts of genes encoding fatty acid metabolism enzymes in the endoplasmic 
reticulum have lower levels of accumulation in fap mutants than in WT. These include: the genes 
(AT1G02390; AT4G019500) encoding glycerol-3-phosphate acyltransferases (GPAT 2 & 3; 
Mekhedov et al., 2000) that transfer acyl groups to glycerol 3-phosphate, the gene (AT1G75020) 
encoding a lysophosphatidyl acyltransferase 4 (LPAT4; Kim et al., 2005) which is a 
phospholipid/glycerol acyltransferase, the genes (AT2G26560, AT4G11850, AT4G29780, 
AT4G38560) encoding phospholipases (PLA2, PLD1 and 2, Mekhedov et al., 2000) that catalyze 
the hydrolysis of phospholipids to form phosphatidic acid (PA), and other genes encoding 
enzymes responsible for the hydrolysis of fatty acids and lipids in the endoplasmic reticulum 
(Figure 10; Table 4).  
 
Chloroplasts hold special structures embedded in membranes of thylakoids, 
plastoglobules (lipoproteins) (Simkin et al., 2007). Plastoglobules contain polar lipids MGDG 
and DGDG, as well as free fatty acids and triacylglycerols (Simkin et al., 2007; Austin et al., 
2012). Alternatively, FAP proteins might transfer acyl groups to polar lipid of plastoglobules 
(Figure 10).  
 
Several transcripts that are down-accumulated in fap mutants are annotated as associated 
with defense and signaling responses (www.arabidopsis.org; www.metnetdb.org). These genes 
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are members of regulons 9, 10, 23, 24, 25, 30, 31, 35, 46, 60, ad 67 (Mentzen and Wurtele, 
2008). It is likely that the alterations of lipids implicated in the regulation of defense and 
signaling proteins, PA, PI, lysophospholipids (Wang, 2004; Vance and Steenbergen, 2005; 
Bowsher et al., 2008; Ischebeck et al., 2010; Lee et al., 2010; Szumlanski and Nelson, 2010; 
Frasch and Bratton, 2012) might be related to, or even induce, the transcriptomic shifts in 
defense-related transcripts.   
 
Many genes down-regulated in siliques encode enzymes involved in embryo and seed 
maturation, and are members of the regulon 6 (embryo maturation, fruit and seed-preferential; 
Mentzen and Wurtele, 2008). This might explain why FAP genes are primarily expressed in 
developing embryos that are active in fatty acid synthesis, and the high proportion of aborted 
ovules in fap1 and fap3 mutants. The down-regulation of many seed maturation genes in fap 
mutants might also clarify why the fap3 T-DNA insertion mutants could not be identified (Ngaki 
et al., 2012), as well as the triple mutants of FAP1, FAP2, and FAP3 genes. Probably, the 
homozygous T-DNA insertion mutants of FAP3 might be embryonic-lethal.   
 
A large proportion of the fatty acids biosynthesized in plastids are translocated to the 
cytoplasm and hence to the endoplasmic reticulum, where they integrate into phospholipids 
(Schnurr et al., 2002, Pouvreau et al., 2011). Another possibility is that the fatty acid shuttling 
mechanism involving altered eukaryotic pathway products might be defected in fap mutants.  
Finally, it is intriguing that transcripts up-accumulated in fap mutants with a fold change 
> 5 represent proteins of unknown function. Such genes make up only one third of the genome. 
The characterization of these proteins might further elucidate the mechanism of the FAP proteins 
in lipid metabolism. 
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MATERIALS AND METHODS 
Plant material and growth conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) and fap mutants (fap1, fap2, fap3, 
fap1/fap2, fap1/fap3, and fap2/fap3) analyzed in this study have been previously described and 
characterized (Ngaki et al., 2012). For all experiments, seeds were sown on soil in pots, stratified 
for 4 days at 4 ⁰C, and transferred either to the green house at 21 ⁰C or to a growth chamber with 
a temperature of 21 ⁰C under continuous illumination. Each flat contained 32 pots and genotypes 
were arranged in a randomized block design. For a single experiment, samples of different 
genotypes were taken in a random pattern from plants grown alongside. The harvested plant 
materials were quickly frozen in liquid nitrogen and stored at -80⁰C until fatty acid, or RNA 
extraction. For lipid extraction, plant materials were immediately used after collection. Four to 
six biological replicates were analyzed per genotype for fatty acid and lipid profiling, and three 
biological replicates for RNA extraction. 
For analysis of seeds, wild-type and fap mutants were grown together in the green house 
up to twelve weeks. The dried mature seeds were harvested, stored in paper bags on a bench at 
room temperature for eight weeks (Devaiah et al., 2006), and used for lipid and fatty acid 
extraction, or retained for planting and analysis of vegetative developmental stages.  
For analysis of vegetative and developing reproductive stages, wild-type and fap mutant 
seeds were grown on soil in the growth chamber. Samples were collected at 3 different 
developmental stages. The entire shoot was collected from 5-day-old seedlings for fatty acid and 
total RNA extraction. For a second set of seeds, the aerial organs were harvested from 18-day-
old seedlings for fatty acid, polar lipid, and total RNA extraction. A third group of plants was 
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grown 9 weeks post germination. Flowers of 7 week-old plants were tagged with threads on 1 
day after flowering and siliques harvested at 8 days after flowering, embryos in these siliques 
were at the “green cotyledons stage” (Ke et al., 1997).  
Lipid analysis from seedlings and seeds  
Polar lipid composition was evaluated according to standardized procedures 
(http://www.k-state.edu/lipid/lipidomics/ and www.plantmetabolomics.org).  
For seedlings, whole shoots from individual plants were harvested (approximately 100 
mg/sample), rapidly submerged in 3 ml of 0.01% butylated hydroxytoluene (BHT, Sigma 
B1378) at 75 ⁰C to reduce/eliminate phospholipase activities (Roughan et al., 1978; Horn and 
Chapman, 2012) in a 50 ml glass tube, and incubated at this temperature for 15 minutes (Welti et 
al., 2002). Lipids were extracted successively in 1.5 ml of chloroform/0.6 ml of water with 1hour 
agitation and 4 ml of 2:1 chloroform/methanol (4 times) with 30 minutes agitation each time at 
room temperature (Welti et al., 2002). The extracts for each sample were combined in a cleaned 
glass tube. Sugars and proteins in the sample were removed with 1 ml 1M KCl and 2 ml water 
(Welti et al., 2002). The lipid extracts were dried under nitrogen gas and shipped overnight on 
dry ice in 2 ml vials to the Kansas Lipidomics Research Center, Kansas State University, where 
electrospray ionization tandem mass spectrometry or ESI-MS/MS (Welti et al., 2003; Han and 
Gross, 2005) and data processing were performed.  
For seeds, polar lipid extraction was as described by Schrick et al. (2012) and 
http://www.k-state.edu/lipid/lipidomics/. For each replicate, 50 seeds were counted, weighed, 
and incubated in 1 ml of hot isopropanol- BHT at 75 ⁰C in a glass tube for 15 minutes (Welti et 
al., 2002) as described for seedlings. The seeds were then homogenized with a glass rod, 0.8 ml 
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water was added, and the mixture was vortexed. Lipids were extracted once with 1.5 ml 
chloroform/0.6 ml water and twice with 1 ml chloroform. The sample was vortexed and 
centrifuged after each addition of solvents; the supernatants were discarded and the extract was 
transferred to a cleaned tube. The lipid extracts were then washed with 1MKCl and water 
(Schrick et al., 2012), dried under nitrogen gas, and shipped to Kansas Lipidomics Research 
Center, Kansas State University, where liquid chromatography mass spectrometry and data 
processing were performed.  
We compared WT to fap mutants using Student’s t-test (two-tailed) with assumption of 
equal variances and P < 0.05 was considered significant. 
 
Fatty-acid analysis from seedlings and seeds 
For fatty acid analysis of seedlings, plant materials were quickly harvested, weighed, and 
frozen (www.plantmetabolomics.com). 50 seeds were counted and weighed. Fatty acid 
extraction was carried out on plant tissues by hydrolysis with barium hydroxide followed by 
methylation (Bonaventure et al., 2003; Moon and Nikolau, 2009; Ngaki et al., 2012). The 
internal standard used was nonadecanoic acid. Fatty acid methyl ester (FAME) analysis, peak 
integration and data quantification were as previously described (Moon and Nikolau, 2009; 
Ngaki et al., 2012). Samples were analyzed at the W. M. Keck Metabolomics Research 
laboratory at Iowa State University. 
We compared WT to fap mutants using Student’s t-test (two-tailed) with assumption of 
equal variances and P < 0.05 was considered significant. 
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RNA isolation and purification from seedlings and seeds 
For seedlings, approximately 1 g of frozen tissue was ground and used per sample; RNA 
was extracted by a TRIzol reagent method (Invitrogen, Carlsbad, CA, USA), according to the 
method provided by the manufacturer. For green siliques, total RNA was isolated from 
approximately 100 mg ground material per replicate. The Spectrum plant RNA kit (Sigma 
STRN50) was used for extraction.  RNA concentrations in extracts of seedlings and siliques 
were measured by a Nanodrop ND-100 spectrophotometer. RNA extracts were then treated with 
DNase I (Invitrogen), purified using RNeasy mini spin columns (Quiagen, Valencia, CA USA), 
and quantified again using a Nanodrop ND-100 spectrophotometer. 
An aliquot (500 ng) of purified RNA of each biological replicate was qualitatively and 
quantitatively analyzed using the Agilent 2100 bioanalyser. The RNA integrity number (RIN) for 
samples ranged from 7.7 to 9.1. Only samples with an RIN of 8 and higher, and with A260/A280 
and A260/A230 ratios of 2 or higher were used for RNA analysis. Two biological replicates for 
each sample were shipped on dry ice to BGI/China for next generation sequencing.  
RNA sequencing 
The 200 bp short-insert library was constructed. Transcriptome sequencing was 
performed on Illumina HiSeq2000 using V3 Reagent (91 air end sequencing). The low quality 
reads were filtered out by removing reads with adaptors, reads with unknown nucleotides larger 
than 5%, and  low quality reads (The bases which quality <= 10 is more than 20% of the reads). 
The cleaned reads were aligned to the reference genomes of  Arabidopsis thaliana and Glycin 
max v1.1 in Phytozome v 8.0 (http://phytozome.net/) respectively using TopHat (Trapnell et al., 
2009). The mapped reads were counted by htseq-count (http://www-
huber.embl.de/users/anders/HTSeq/doc/count.html).  
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The statistical analysis was performed using the Bioconductor R package edgeR 
(Robinson et al., 2010). We filtered out rows (i.e. tags or genes) that do not have at least five 
counts per million in at least 2 libraries. After filtering, we subtracted total counts of filtered 
genes from original library sizes, and computed TMM (Robinson and Oshlack, 2010) 
normalization factors considering reset libraries. Because the experimenter is primarily interested 
in genes that are differentially expressed between a specific mutant (among 6 different mutant 
genotypes) and the wild type, we performed six independent tests of differential expression 
analysis using exact tests with empirical Bayes tag wise dispersions (Robinson and Smyth, 2007; 
2008). We considered a cutoff value of 0.05 for the false discovery rate (FDR). 
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Figure 1 (continued) 
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Figure 1. WT and fap seedling and seeds. Wild type and fap mutants were grown in a 
randomized design under continuous illumination for twelve weeks. The dried mature seeds were 
harvested and used for lipid and fatty acid extraction, or retained for planting and analysis of 
vegetative developmental stages.  (A) 18-day-old seedlings, (B) dry weight per sample for n = 6 
biological replicates and 1 seedling/sample, (C) Dried mature seeds, (D) weight (mg) of 
seed/sample for n = 6 biological replicates and 50 seeds/sample. Values significantly different 
from WT,* P < 0.05. 
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Figure 2. Abundance of fatty acids is increased in most 5-day old seedlings, 18-day old fap1 
seedlings, and most seeds of fap mutants.  Fatty acids of 18-day-old seedling shoots and seeds 
grown in randomized design under continuous illumination were extracted using a barium 
hydroxide hydrolysis, and analyzed by gas chromatography mass specrometry (GC-MS). Fatty 
acids extracted from (A) 5 day-old seedlings, (B) 18-day-old seedlings, and (C) dried mature 
seeds are shown as means ± standard deviations for n = 6 biological replicates per genotype for 
seedlings and n = 4 biological replicates for seeds. Values significantly different from WT, **P < 
0.01, * P < 0.05. 
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Figure 3. The absolute amounts of many classes of polar lipids are increased and the 
amount of PS is decreasd in fap mutants. Polar lipids of 18-day-old seedling shoots grown in 
randomized design under continuous illumination were extracted and analyzed by electrospray 
ionization tandem mass spectrometry (ESI ms/ms). (A) more abundant polar lipids, (B) less 
abundant polar lipids, and (C) plastidic polar lipids, extra-plastidic polar lipids, and overall total 
polar lipids. The total concentration (nmol/mg of dry weight) of lipids are shown as means ± 
standard errors for n = 6 biological replicates per genotype. Values significantly different from 
WT, **P < 0.01, * P < 0.05. 
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Figure 4. The absolute amounts of many DGDG and MGDG molecular species are 
increased in fap seedlings. Polar lipids of 18-day-old seedling shoots grown in randomized 
design under continuous illumination were extracted and analyzed by electrospray ionization 
tandem mass spectrometry (ESI-MS/MS). (A) DGDG major molecular species, (B) DGDG 
minor species, (C) MGDG major species, and (D) MGDG minor species. The total concentration 
(nmol/mg of dry weight) of lipids are shown as means ± standard errors for n = 6 biological 
replicates per genotype. Values significantly different from WT, **P < 0.01, * P < 0.05. 
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Figure 5. The absolute amounts of many PC and PE molecular species are altered in most 
of fap seedlings. Polar lipids of 18-day-old seedling shoots grown in randomized design under 
continuous illumination were extracted and analyzed by electrospray ionization tandem mass 
spectrometry (ESI MS/MS). (A) PCs (major), (B) PCs (minor), (C) PEs (major), and (D) PEs 
(minor). The concentrations (nmol/mg of dry weight) of lipid species are shown as means ± 
standard errors for n = 6 biological replicates per genotype. Values significantly different from 
WT, **P < 0.01, * P < 0.05.  
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Figure 6. The absolute amounts of some LPE, LPC,  LPG, and PG species are increased in 
fap seedlings, whereas the absolute amounts of most PS species are decreased in fap 
seedlings. Polar lipids of 18-day-old seedling shoots grown in randomized design under 
continuous illumination were extracted and analyzed by electrospray ionization tandem mass 
spectrometry (ESI MS/MS). (A) LPEs, (B) LPCs, (C) LPGs, (D) PGs, (E) PSs. The total 
concentration (nmol/mg of dry weight) of lipids are shown as means ± standard errors for n = 6 
biological replicates per genotype. Values significantly different from WT, **P < 0.01, * P < 
0.05. 
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Figure 7. The absolute amounts of most less abundant polar lipids are altedred in fap seeds. 
Polar lipids of dried mature seeds harvested from plants grown in randomized design under 
continuous illumination were extracted and analyzed by electrospray ionization tandem mass 
spectrometry (ESI-MS/MS). (A) more abundant polar lipids, (B) less abundant polar lipids, and 
(C) plastidic polar lipids, extra-plastidic polar lipids, and overall total polar lipids. The total 
concentration (nmol/mg of dry weight) of lipids are shown as means ± standard errors for n = 6 
biological replicates per genotype. Values significantly different from WT, **P < 0.01, * P < 
0.05. 
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Figure 8. The absolute amounts of most PA and PI molecular species increased in fap seeds. 
Polar lipids of dried mature seeds harvested from plants grown in randomized design under 
continuous illumination were extracted and analyzed by electrospray ionization tandem mass 
spectrometry (ESI-MS/MS). (A) PA molecular species and (B) PI molecular species. The total 
concentration (nmol/mg of dry weight) of lipids are shown as means ± standard errors for n = 6 
biological replicates per genotype. Values significantly different from WT, **P < 0.01, * P < 
0.05. 
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Figure 9. The absolute amount of some lysophospholipid molecular species are altered in 
fap seeds. Polar lipids of dried mature seeds harvested from plants grown in a randomized design 
under continuous illumination were extracted and analyzed by electrospray ionization tandem 
mass spectrometry (ESI-MS/MS). (A), (B), and (C) represent the absolute amounts of LPC, LPE, 
and LPG molecular species respectively. The total concentration (nmol/mg of dry weight) of 
lipids are shown as means ± standard errors for n = 6 biological replicates per genotype. Values 
significantly different from WT, **P < 0.01, * P < 0.05. 
 
 
137 
 
 
 
Figure 10. FAP proteins might be transferring acyl groups to acyl carrier proteins. Fatty 
acids, red; lipids, purple; FAP proteins, yellow; transcripts with decreased accumulation in fap 
seedlings versus wild-type controls, green; transcripts not changed in fap mutants, blue. FAP, 
fatty acid binding proteins; ACP, acyl carrier protein; KAS II, ketoacyl-ACP synthase; SACPD, 
stearoyl-ACP desaturase; FatA & B, Acyl-ACP thioesterase; GPAT, glycerol-3-phosphate 
acyltransferase; FAD, fatty acid desaturase; ACS, acyl-CoA synthetase; ERGPAT, endoplasmic 
reticulum glycerol-3-phosphate acyltransferase; LPAT4, lysophosphatidyl acyltransferase 4; 
PLA & D, phospholipase A & D; PAP, phosphatidic acid phosphatase; KCS, 3-ketoacyl-CoA 
synthase. Tomogram of  plastoglobules from Austin et al. (2006). 
 
 
138 
 
 
Table 1. Arabidopsis genes expressed in wild-type and fap seedlings and siliques. The table 
shows the total number of genes expressed in wild-type and fap mutants (after filtering), the 
number of genes that are up- and down-regulated in fap mutants, and the total number of genes 
differentially expressed in the specified genotype as compared to wild-type. We considered a 
cutoff value of 0.05 for the false discovery rate (FDR). 
 
 
Table 2. FAP1, FAP2, and FAP3 proteins are interconnected. The table shows the pattern of 
expression of FAP genes in fap single and double mutants. 
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Table 3. Transcripts of 8 genes encoding plastidic localized proteins involved in fatty acid 
metabolism are down-accumulated in fap mutants. Enzymes are grouped based on their 
functions. Yellow, transferases; blue, desaturases; green, hydrolase. 
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Table 4. Transcripts of 29 genes encoding cytoplasmic localized proteins involved in fatty 
acid metabolism are down-accumulated in fap mutants. Enzymes are grouped based on their 
functions. Yellow, transferases; pink, elongases; blue, desaturases; orange, hydrolases; green, 
phospholipases, lipid binding, and lipid transfer proteins.  
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Table 5. Eight transcripts of fatty acid metabolism genes are up-accumulated in particular 
fap mutants.  
 
 
 
 
 
 
 
Table 6. The majority of transcripts down-accumulated in fap mutants are involved in 
defense and signaling responses. The GO biological function of genes was obtained from 
AtGeneSarch (www.metnetdb.org). 
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Table 7. Among the twenty genes down-regulated in 5 day-old seedlings of fap1/fap3 with a 
fold change ≥ 25, the majority encode proteins (highlighted in yellow) associated with 
defense and signaling responses (AtGeneSearch, metnetdb.org). The cutoff value was 0.05 for 
the false discovery rate (FDR).  
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Table 8. Among the fifteen genes down-regulated in 8 day-old siliques of fap2/fap3 with a 
fold change > 90, the majority (93%) encode proteins involved in seed ad embryo 
maturation (AtGeneSearch, metnetdb.org). The cutoff value was 0.05 for the false discovery 
rate (FDR).  
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Table 9. Many transcripts up-regulated in 5 and 18 day-old seedlings of fap1/fap3 as 
compared to wild-type encode proteins of unknown function. The cutoff value was 0.05 for 
the false discovery rate (FDR). 
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Table 10. Many transcripts up-accumulated in 8 day-old siliques of fap1/fap3 as compared 
to wild-type encode proteins of unknown function (AtGeneSearch, metnetdb.org). The cutoff 
value was 0.05 for the false discovery rate (FDR).  
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Supplementary  information 
On a mol % basis, many of the lipid classes and molecular species are altered in fap 
seedlings and seeds.  
fap1 seedlings have increased mol % of MGDG and reduced mol % of PC; fap1/fap3 
double mutants contain decreased mol % of MGDG and DGDG, and increased mol % of PC and 
PE (Figure S2A). Moreover, most PC and PE species show altered mol % in most fap mutants 
(Figure S2A-D). The mol % of PI and PS species is greatly reduced in fap seedlings, particularly 
in fap1/fap3 and fap2/fap3 (Figure S3A-B). The mol % of most of PI species is consistently 
lower in fap double mutants (up to 40%) than in WT seedlings (Figure S3A). 
PC is the most abundant polar lipid in seeds (Schrick et al., 2002). The mol % of PC was 
approximately 10% decreased in fap1, fap1/fap2, fap1/fap3, and fap2/fap3 mutants, whereas the 
mol % of PI is significantly increased by more than 20% in all fap mutants (Figure S1C). The 
mol % of LPC is increased in all fap single and double mutants to almost triple the value of WT, 
while the mol % of LPE iss elevated by more than double in all fap mutants but fap2/fap3, and 
LPG level is diminished by more than half in all fap mutants (Figure S1D).  The mol % of PA is 
40 to more than 100% higher in fap1, fap3, fap1/fap2, fap1/fap3, and fap2/fap3 than in WT 
seeds, and PG level is significantly lowered in fap2, fap3, and fap1/fap3 by about 20 to 30 % 
(Figure S1D). 
Further, detailed examination of molecular species inside lipid classes revealed 
significant changes in the mol % distribution of many species in fap mutants as compared to WT. 
In the PC class, the most abundant polar lipid species 36:4, which accounts for approximately 
21% of polar lipids in seeds, and 36:5 representing almost 12%, are significantly reduced by 
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more than 10 % in fap1, fap3, fap1/fap2, fap1/fap3 and fap2/fap3 as compared to WT (Figure 
S4B). Other PC species presenting significant decreased mol % include 32:2 in fap1, fap3 and 
fap2/fap3, (38:4, 38:5, 38:6) in fap2, (34:4, 36:1, 36:3, 36:6, 38:5) in fap1/fap3, and (34:2,34:4, 
36:6, 38:3, 38:4 , 38:5) in fap1/fap2 (Figure S4B). In addition, the PI species, accounting for 
about 10% of the total, exhibit consistent increase of mol % in fap mutants, especially in 
fap1/fap3 seeds where these values are increased by more than 20% of the value in WT (Figure 
S5B). Concomitantly, the mol % of most PA species follows the same pattern (Figure S5A). 
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Figure S1. The mole percentage of most more abundant and less abundant polar lipids is 
distorted in fap mutants. Polar lipids of 18-day-old seedling shoots and dried mature seeds 
grown in a randomized design under continuous illumination were extracted and analyzed by 
electrospray ionization tandem mass spectrometry (ESI-MS/MS). (A) more abundant polar lipids 
in seedlings (B) less abundant polar lipids in seedlings, (C) more abundant polar lipids in seeds 
(PL), (D) less abundant polar lipids in seeds. The mol % of lipids are shown as means ± standard 
deviations for n = 6 biological replicates per genotype. Values significantly different from WT, 
**P < 0.01, * P < 0.05. 
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Figure S2. 
 
 
150 
 
Figure S2 (previous page). The mole percentage of most PC and PE molecular species is 
increased fap mutants. Polar lipids of 18-day-old seedling shoots grown in a randomized design 
under continuous illumination were extracted and analyzed by electrospray ionization tandem 
mass spectrometry (ESI-MS/MS). (A) PC major molecular species, (B) PC minor species, (C) 
PE major species, (D) PE minor species. The mol % of lipids are shown as means ± standard 
deviations for n = 6 biological replicates per genotype. Values significantly different from WT, 
**P < 0.01, * P < 0.05. 
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Figure S3. The mole percentage of most PI and PS molecular species increasepartiular fap 
mutants. Polar lipids of 18-day-old seedling shoots grown in a randomized design under 
continuous illumination were extracted and analyzed by electrospray ionization tandem mass 
spectrometry (ESI-MS/MS). (A) PI molecular species, (B) PS molecular species. The mol % of 
lipids are shown as means ± standard deviations for n = 6 biological replicates per genotype. 
Values significantly different from WT, **P < 0.01, * P < 0.05. 
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Figure S4. The mole percentage of most PC molecular species is decreased in particular fap 
seeds. Polar lipids of dried mature seeds harvested from plants grown in a randomized design 
under continuous illumination were extracted and analyzed by electrospray ionization tandem 
mass spectrometry (ESI-MS/MS). (A) absolute amount of PC molecular species, (B) mol % of 
PC molecular species. The total concentration (nmol/mg of dry weight) of lipids are shown as 
means ± standard errors, the mol % is given as means ± standard deviations for n = 6 biological 
replicates per genotype. Values significantly different from WT, **P < 0.01, * P < 0.05. 
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Figure S5. The mole percentage of most PA and PI molecular species were altered in 
particular fap seeds. Polar lipids of dried mature seeds harvested from plants grown in a 
randomized design under continuous illumination were extracted and analyzed by electrospray 
ionization tandem mass spectrometry (ESI-MS/MS). The mol % of (A) PA molecular species 
and (B) PI molecular species are shown as means ± standard errors for n = 6 biological replicates 
per genotype. Values significantly different from WT, **P < 0.01, * P < 0.05. 
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Figure S6. 
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Figure S6. Representative volcano plots identifying polar lipid species altered in seedlings 
of fap1, fap3, and fap1/fap3 mutants. The volcano plots are screenshoots from the interactive 
metabolomics visualization and database, Plant Metabolomics Ressource. Data is log 
transformed (log2) before analysis. Each point represents a particular lipid species. The Y-axis 
shows the p-values; the X-axis indicates the fold-change difference in abundance of the 
compound. Polar lipid more abundant in (A) fap1, (B) fap3, (C) fap1/fap3 than in WT are shown. 
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Figure S7 
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Figure S7. Venn diagrams representing the number of genes differentially expressed 
between the fap single mutants and wild-type. A, 5 day-old seedlings; B, 18 day-old seedlings; 
C, 8 day-old siliques.  
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CHAPTER 4: GENERAL CONCLUSIONS 
 Novel genes of Arabidopsis, Fatty Acid binding Protein (FAP), have been identified and 
characterized in this dissertation as modulators of fatty acid and polar lipid in seedlings and 
seeds. FAP proteins are members of the chalcone isomerase fold, and an example of the typical 
evolution of a non-catalytic enzyme, fatty acid binding protein (Ngaki et al., 2012), to a specific 
catalytic enzyme, chalcone isomerase (Jez et al, 2000; Gensheimer, M. and Mushegian, 2004). 
The analysis of available public microarray data using bioinformatics tools and technologies 
(www.metnetdb.org) and based on the expression pattern, sequence, and structure, illustrates that 
FAP genes, previously of unknown functions, share a regulon with fatty acid biosynthetic genes 
(Mentzen and Wurtele, 2008). 
Confocal microscopy of Arabidopsis lines harboring FAP coding sequence/chloroplast 
transit peptide-GFP constructs reveals that FAP1, FAP2, and FAP3 proteins are localized in the 
plastid stroma, the location of the novo fatty acid biosynthesis. Furthermore, histochemical 
analyses of FAP promoter-beta-glucuronidase (GUS) transgenic plants indicate that FAP genes 
are expressed throughout plant development, especially in young developing tissues including 
cotyledons, young seedlings, roots, macrospores, preanthesis and tapetum, seeds and embryos, 
where fatty acid synthesis is high.  
Functional FAP1 and FAP3 are required for normal plant and embryo development. 
While fap1 and fap2 knockout Arabidopsis lines share a normal vegetative growth, fap1 mutants 
exhibit shorter siliques containing aborted ovules, and decreased seed yields. The most severe 
mutant line, fap3 RNAi has reduced overall plant height, increased axillary branching, earlier 
flowering, shorter siliques, and up to 50% aborted ovules. These reproductive aberrations are 
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maternally inherited, and all fap double mutants of homozygous fap1, fap2, and fap3 display 
enhanced vegetative and reproductive defects. 
In vitro and in vivo studies of FAP gene expression in E. coli show that FAP1 and FAP3 
proteins selectively bind C16 and C18 fatty acids. Consequently, fatty acid content and 
composition, determined by gas chromatography-mass spectrometry (GC-MS), is enhanced in 
fap seedlings and seeds. Our polar lipid profiling using electrospray ionization tandem mass 
spectrometry (ESI-MS/MS) uncovers aberrations in fap seedlings and seeds. More abundant and 
less abundant polar lipid classes, as well as their molecular species, are altered in most fap 
mutants, suggesting that FAP proteins are important in the accumulation of polar lipids in seeds 
and seedlings. This also point to their involvement in signaling and defense mechanisms.  
Many genes of Arabidopsis are differentially expressed between wild type and fap 
mutants. The levels of transcripts encoding enzymes in the initial steps of de novo fatty acid 
synthesis are not changed. However, the levels of many of the transcripts encoding enzymes in 
the subsequent steps, acyltransferases, elongases, desaturases, hydrolases, and lipid related 
genes, have reduced expression in fap mutants. Levels of transcripts encoding several enzymes 
involved in seed and embryo maturation enzymes are reduced in 8 day-old siliques of fap 
mutants, as well as many proteins associated with defense and signaling responses. Surprisingly, 
many genes of unknown function are up-regulated in fap mutants. This is consistent with the 
lipid profile and opens the door to future experiments. 
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